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ABSTRACT
Structure and Function of Dopamine in the Inner Ear
and Auditory Efferent System of a Vocal Fish
by
Jonathan T. Perelmuter
Advisor: Professor Paul M. Forlano
The neuromodulator dopamine is considered essential for coordinating the internal
motivational state of an organism with appropriate behavioral responses to stimuli in the external
environment. This could be accomplished by modifying the function of neural circuits involved in sensory
processing such that they are “tuned in” and optimally sensitive to important stimuli during critical time
windows. While dopamine modulation of auditory processing has been studied in the central nervous
system, neuromodulation can also occur outside the brain, in the inner ear. The majority of investigations
of dopamine in the ear are conducted using rodents and focus on its role in preventing noise induced
trauma to the inner ear. However, few studies have considered other functions and a natural behavioral
role of dopamine in the inner ear of any vertebrate remains unknown. This dissertation examines the
structure and function of dopamine input to the inner ear of the plainfin midshipman, a vocal fish and an
exemplar organism for the study of neural mechanisms of social-acoustic communication.
Previous work in our lab suggested that seasonal, reproductive state-related changes to
dopamine in the brain and inner ear could be responsible, in part, for a well-documented seasonal
change to auditory sensitivity that facilities the detection of male courtship calls during the summer
breeding season. Chapter 2 expands on this work by characterizing the synaptic connections between
dopamine neurons in the forebrain and the main organ of hearing in the midshipman inner ear, the
saccule. It confirms that the same dopamine nucleus that projects to the saccule also send inputs to a
cholinergic nucleus in the hindbrain that has efferent projections to the saccule. We found that neurons in
this nucleus have dopamine terminals directly synapsing onto both their somata and dendrites. In the
saccule, dopamine terminals do not form traditional synapses, suggesting a role for paracrine release,
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and the potential for dopamine to affect signal transduction and transmission at multiple points within the
inner ear. Together this work shows that a single dopaminergic cell group in the forebrain can exert direct
modulation on peripheral auditory processing within the saccule and indirect effects through modulation of
the cholinergic auditory efferent hindbrain.
Chapter 3 examines the effect of dopamine on sound-evoked activity in the saccule. We found
that dopamine reduces the sensitivity of the saccule in both summer reproductive and winter nonreproductive females. Using pharmacology and quantitative analysis of receptor transcript expression, we
determined this inhibition is produced via a D2 receptor which is upregulated in winter females.
Expression of this dopamine receptor subtype (D2a) is negatively correlated with individual baseline
saccular auditory sensitivity, suggesting an important role for inner ear dopamine in modulating the
sensitivity to social-acoustic signals.
Chapter 4 examines the effect of hearing a male courtship call on dopamine release in the inner
ear and cholinergic auditory efferent hindbrain of females in the summer. Using an activity marker for the
synthesis and release of dopamine, we found that exposure to a noise stimulus produces no change
relative to ambient controls. Exposure to recordings of the male call however reduce the synthesis and
release of dopamine in the cholinergic hindbrain and the saccule. Therefore, the shorter time-scale
dynamics of dopamine release within the peripheral and efferent auditory system are responsive to
social-acoustic signals. The reduction of dopamine release, which we found in chapter 2 to inhibit
saccular sensitivity, likely results in enhanced sensitivity during the detection and localization of male
mates.
Chapter 5 describes the seasonal, reproductive state-related changes of the dopaminergic
auditory efferent system at the ultrastructural level. Females in reproductive condition during the summer
have fewer dopamine terminals in the saccule. These terminals are smaller in volume and less likely to
directly contact a hair cell in summer females as compared to winter females. In the cholinergic auditory
efferent hindbrain, the neurons of summer females have more direct dopamine terminals contacting
somata and dendrites. These results confirm previously reported seasonal changes observed using
fluorescence microscopy. Taken together, our results suggest that the reduction of dopaminergic
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inhibition, both via seasonal changes to innervation and receptor expression, and reduced dopamine
release in response to hearing the male courtship call, is an important contributing mechanism that
modulates female peripheral auditory sensitivity during the breeding season, improving the ability to
detect and find male mates. This work provides support for a novel biological function for dopamine as a
modulator of social-acoustic signals in the inner ear, extending its role from the central nervous system
out to the auditory periphery.
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Chapter 1: Introduction
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In the broadest possible sense, the goal of neuroscience is to understand what the nervous
system does. Considering the various levels of organization in the nervous system: the flow of ions
across the membranes of cells, the connections between neurons, the various ways neurons can be
classified based on which signaling chemicals they produce, what genes are active within them and
where they are located in the hierarchy of the nervous system; how does this all relate to and explain
behavior? Many recent discoveries have come from a concerted focus on a few so-called “model
organisms” (fruit flies, nematode worms, mice and zebrafish), where genetic tools have allowed for the
testing of highly specific relationships between brain structure, function and behavior (Brenowitz & Zakon,
2015). The implication of the term “model organism” is that these select animals can provide insight into
how brains work in all animals, including humans. This approach is motivated by the idea that there must
exist certain general principles of nervous systems shared by all animals, so that what we learn about in a
fruit fly brain can tell us something about how our own brains work. But the validity of the approach
depends upon comparing brain structure and function across many animals, including non-models, while
also taking into account their evolutionary history (P. S. Katz, 2016). This comparative approach is likely
to have more explanatory power because we can distinguish between common features that were
inherited through shared ancestry from common features that evolved independently (P. S. Katz, 2019).
Despite living in physically distinct environments and having distant evolutionary ancestry, if a bird and a
fish both evolved a similar brain circuit for calculating where a sound is coming from, that provides a priori
predictions for how sound localization circuits are construed in the brains of other animals. Furthermore,
the selection and focus on the aforementioned limited number of “model organisms” is based mostly upon
their amenability to using genetic tools to manipulate the nervous system, and not necessarily on the
suitability of their behaviors and natural life histories for addressing a particular research question.
Increasingly, more scientists are calling for a renewed diversification in the number of animals studied in
neuroscience (Brenowitz & Zakon, 2015; Marder, 2002; Yartsev, 2017). Leveraging the rich diversity of
the animal kingdom could lead to discoveries of novel solutions for how nervous systems address the
challenges most animals face, such as finding food, surviving predation and passing one’s genes onward
via reproduction. The present thesis is motivated by this perspective. It focuses on a fish that relies upon
sound communication to bring males and females together for mating and seeks to understand how the
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nervous system of this fish undergoes functional and structural changes that facilitate this behavior. As
part of the answer, it suggests a novel role for dopamine, a well-known signaling molecule in the brain, in
the context of social-acoustic communication.
The plainfin midshipman fish, Porichthys notatus, is a marine fish found in the Pacific Ocean
along the coast of the United States, Canada and Mexico (Figure 1.1A). Decades of research have
established them as a particularly compelling animal to study neurobiological questions about auditorydriven social behavior (Arora, 1948; A. H. Bass, 1996; Forlano, Sisneros, Rohmann, & Bass, 2015; Ibara,
Penny, Ebeling, van Dykhuizen, & Cailliet, 1983a). These fish spend the winter months living in deep
water (~100 meters) until the late spring when they begin to migrate into shallow intertidal waters along
the coast (Figure 1.1B). Males seek out rocky areas in sheltered bays where they excavate nests under
the rocks and, waiting until night, commence to produce a distinctive multi-harmonic, long duration
courtship vocalization, called a “hum”, to attract females. Males will often aggregate into larger colonies
and chorus together (McIver, Marchaterre, Rice, & Bass, 2014). Females use this courtship call to locate
males, and possibly to evaluate multiple males, before choosing one and swimming into the nest. The
female will then deposit her eggs on the rocky surfaces inside the nest, the male will fertilize the eggs,
after which the female will swim off, leaving the male to care for the developing eggs (Figure 1.1C). While
males may mate with several females in a breeding season, females only mate with one male. The ability
to produce acoustic signals, detect them, localize their source and evaluate characteristics of these
signals is of vital importance to the reproductive success of this species.
As seasonal breeders, these fish undergo substantial changes in physiology and nervous system
structure to prepare them for the unique environmental and behavioral requirements of the summer
reproductive period. Most notably, this includes a summer improvement in the ability of their peripheral
auditory system to detect and encode sounds within the frequency range of the male call through two
mechanisms. Hair cells in the saccule, the main endorgan of hearing in midshipman fish, become more
sensitive (Cohen & Winn, 1967; Sisneros, 2009). Primary auditory neurons of the VIIIth nerve that
innervate the saccule fire more reliably in phase with higher frequencies (Sisneros & Bass, 2003). These
changes are adaptive because the higher frequency harmonics of the male call propagate farther in the

3

shallow waters of the intertidal zone (A. H. Bass & Clark, 2003). This plasticity is mediated by steroid
hormones and mechanisms include transcriptional changes in the saccule, greater expression of calciumgated large conductance potassium channels in hair cells and increases in the density of hair cells in the
saccule (Coffin, Mohr, & Sisneros, 2012; Rohmann, Fergus, & Bass, 2013; Sisneros, Forlano, Deitcher, &
Bass, 2004). However, seasonal changes to central input (efferents) from the brain to the inner ear have
been suggested as another candidate mechanism (Sisneros & Bass, 2003).

Figure 1.1. Seasonal breeding sites and neuroanatomy of the plainfin midshipman fish.
Female midshipman fish in reproductive condition (A) seek out nesting males along the shoreline of rocky
bays (B). A rock is upturned during low tide, exposing a male (black arrowhead) guarding a clutch of eggs
(C). Dorsal view of the midshipman brain (D) depicting the confirmed dopaminergic projection (magenta,
solid line) from the TPp to the saccular epithelium (SE) and the unconfirmed projection (magenta, dashed
line) to the OE (green), which in turn projects to the saccule. Abbreviations: Cer, cerebellum; Mid,
midbrain; Tel, telencephalon; TPp, periventricular posterior tuberculum; VIII, eighth nerve.
Scale bar = 1.5 mm. Photo in (A) by Gabriel Ng. Photos in (B) & (C) by Jonathan T Perelmuter.
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The saccule receives cholinergic efferent innervation, a conserved feature of the vertebrate inner
ear (Köppl, 2011), originating from the octavolateralis efferent nucleus (OE) in the hindbrain (A. H. Bass,
Marchaterre, & Baker, 1994; Brantley & Bass, 1988). More recently it was shown that the saccule also
receives a dopaminergic innervation from the periventricular posterior tuberculum (TPp) in the
diencephalon. This was the first report of a dopaminergic innervation of the auditory inner ear of a nonmammalian vertebrate. The OE also may receive dopamine from the TPp (Forlano, Kim, Krzyminska, &
Sisneros, 2014) (Figure 1.1D). Importantly, dopaminergic innervation of the midshipman saccule is
reduced and the putative dopaminergic input to the OE is increased in summer, reproductive females
(Forlano, Ghahramani, et al., 2015). Dopamine modulation of the saccule and OE, originating from the
forebrain, may be another mechanism that contributes to the adaptive plasticity in the midshipman
peripheral auditory system.
The central hypothesis of this thesis that the seasonal changes to the dopaminergic system serve
to enhance the processing of mate calls directly via innervation of the inner ear and indirectly via
modulation of the cholinergic efferent system in the hindbrain. We focus on female because of their
primary role as receivers of the male signal. We employ a multipronged approach to understand the
structure and function of dopamine in the peripheral auditory system of the plainfin midshipman. Chapter
2 utilizes neural tract-tracing, multi-label fluorescence immunohistochemistry, confocal microscopy and
immuno-electron microscopy to examine the connectivity from TPp dopamine neurons to the saccule and
OE. Chapter 3 uses electrophysiology, pharmacology and quantitative gene expression to determine the
effect dopamine has on inner ear auditory sensitivity, which dopamine receptors are expressed in the
saccule and if this expression is seasonally labile. Chapter 4 combines playbacks to females along with
subsequent immunohistochemical detection of phosphorylated-tyrosine hydroxylase (a marker for
changes in dopamine synthesis and release) to determine if dopamine release in the saccule and OE is
altered specifically in response to hearing male courtship calls. Chapter 5 returns to the use of immunoelectron microscopy to quantitatively examine seasonal, reproductive-state dependent changes to the
ultrastructure of dopamine terminals and processes in the saccule and OE. Chapter 6 summarizes the
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findings from the previous chapters, suggests future directions that would answer unresolved and new
questions resulting from the present work, and relates the findings to broader topics in the field of
neuroethology and neuroscience.
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Chapter 2:
Connectivity and Ultrastructure of Dopaminergic Innervation of the Inner Ear and Auditory
Efferent System of a Vocal Fish*

*published as Perelmuter, J. T., & Forlano, P. M. (2017). Connectivity and ultrastructure of
dopaminergic innervation of the inner ear and auditory efferent system of a vocal fish. The
Journal of Comparative Neurology, 525(9), 2090–2108. https://doi.org/10.1002/cne.24177
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INTRODUCTION

Efferent control is an important feature of sensory systems but remains less well understood than
afferent pathways. Nearly all vertebrates examined to date possess a cholinergic efferent innervation of
the inner ear that originates in the hindbrain (Köppl, 2011), with proposed functions that include protection
from overstimulation, homeostasis, selective attention, signal detection and sound source localization
(Andéol et al., 2011; Darrow et al., 2006a; Robertson, 2009; Smith and Keil, 2015; Terreros et al., 2016;
Tomchik and Lu 2006b). While cholinergic auditory efferents are well studied across vertebrate taxa,
comparatively less attention has been given to dopamine (DA) as a modulator of peripheral hearing (GilLoyzaga, 1995). DA fibers and receptors have been localized within the rodent cochlea (Darrow et al.,
2006b; Maison et al., 2012), but studies examining DA innervation of auditory endorgans of anamniotes
are limited to a single species of teleost fish (Forlano et al., 2014, 2015a) and investigations of the
ultrastructure of DA terminals are limited to guinea pig (d’Aldin et al., 1995; Eybalin, Charachon, &
Renard, 1993). The function of DA in the cochlea, as suggested by studies in rodents, is to protect
against acoustic trauma (Lendvai et al., 2011; Maison et al., 2012; Ruel et al., 2001), but other
hypotheses, such as signal detection and sound source localization, have not been tested. The potential
modulatory role of DA in the auditory periphery in the context of natural behaviors remains unexplored.
The plainfin midshipman fish, Porichthys notatus, is an excellent model organism for investigating
neural mechanisms of vocal-acoustic behavior, with well characterized ascending and descending
auditory pathways (A. H. Bass, Bodnar, & Marchaterre, 2000; A. H. Bass et al., 1994; Goodson & Bass,
2002). During the summer breeding season, type I males migrate from the benthic zone to intertidal
nesting sites along the northwestern coast of North America where they produce nocturnal hum-like
vocalizations that attract females for mating opportunities. Type II males do not build nests or court
females but rather sneak fertilization opportunities (A. H. Bass, 1996; Brantley & Bass, 1994). All adult
morphs (type Is, females and type II males) undergo seasonal and steroid dependent changes in the
auditory periphery, resulting in lower hearing thresholds and improved encoding of social signals in the
summer, specifically within the range of the upper harmonics of the male vocalization (Forlano, Maruska,
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Sisneros, & Bass, 2016; Rohmann & Bass, 2011; Sisneros & Bass, 2003; Sisneros, Forlano, Deitcher, et
al., 2004). This likely improves detection of the courtship call, as the upper harmonics propagate farther in
the shallow water of the intertidal zone (A. H. Bass & Clark, 2003; Fine & Lenhardt, 1983). Mechanisms
for this plasticity include an increase in the number of sensory receptors, i.e., hair cells, in the inner ear
(Coffin et al., 2012), as well an upregulation in the number of calcium-activated potassium (BK) channels
in hair cells (Rohmann et al., 2013). It has also been suggested that centrifugal modulation could mediate
plasticity (Forlano, Sisneros, et al., 2015; Sisneros & Bass, 2003). The saccule, the main endorgan of
hearing in midshipman (Cohen & Winn, 1967) and most teleosts (Arthur N. Popper & Fay, 1999), receives
tyrosine hydroxylase (TH, enzyme for catecholaminergic synthesis) innervation from the periventricular
posterior tuberculum (TPp) in the diencephalon (Forlano et al., 2014, Fig. 1A, B), a proposed homolog of
the mammalian A11 DA cell group (Schweitzer, Lohr, Filippi, & Driever, 2012; Yamamoto & Vernier,
2011). The saccule also receives cholinergic efferent innervation from the octavolateralis efferent nucleus
(OE) in the hindbrain (Bass et al., 1994, 2000; Brantley and Bass, 1988; Forlano et al., 2014, 2015a;
Weeg et al., 2005). While the OE projects to all inner ear endorgans and the lateral line in teleosts (Köppl,
2011; Roberts and Meredith, 1992; Tomchik and Lu, 2006a), we here refer to it interchangeably as the
auditory efferent system (after Chagnaud and Bass, 2013) as backfills from the saccule fill a majority of
OE neurons in midshipman (Bass et al., 1994, 2000; Forlano et al., 2014). Importantly, the OE receives
prominent TH fibers and puncta that appear to also originate from the TPp (Forlano et al., 2014, Fig. 1A,
C). We have recently demonstrated that the putatively dopaminergic innervation of the midshipman
saccule changes seasonally, as does the putatively dopaminergic input to the OE (Forlano, Ghahramani,
et al., 2015). Furthermore, playbacks of courtship calls to type I males activate catecholaminergic
neurons in the TPp (Petersen et al., 2013), suggesting that socially salient acoustic stimuli elicit DA
release in both the saccule and OE.
The goal of the present study was to use neuroanatomical tract tracing, immunohistochemistry
and electron microscopy to investigate the fine structure of DA innervation of the saccule and the OE. We
tested the following hypotheses: 1) the OE receives DA input from the TPp, the same source as the
saccule; 2) DA innervation of the saccule is regionally homogenous; and 3) DA terminals will be found in
proximity to, or making synaptic contact with hair cells and neuronal processes in the saccule and the
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neurons in the OE. Our reported results show that a single dopaminergic cell group in the midshipman
diencephalon is extensively connected to the peripheral and hindbrain efferent auditory system and
therefore capable of coordinated modulation of hearing during natural behaviors.

MATERIALS AND METHODS
Animals
Animals (n = 32) were collected during the summer from intertidal breeding sites in Tomales Bay,
CA and near Brinnon, WA or during the winter, by otter trawl, in Puget Sound, WA. Quantitative sex or
seasonal differences in catecholamine-specific connectivity or ultrastructure were not measured in the
present study. Animal acquisition and experimental procedures were approved by the Institutional Animal
Care and Use Committee of Brooklyn College, Brooklyn, NY.

Tissue preparation
Fish were anesthetized in 0.025% benzocaine (Sigma Chemicals, St Louis, MO), transcardially
perfused with teleost’s ringers, followed by 4% paraformaldehyde, or 1.5-2.5% paraformaldehyde and
0.5-2.5% glutaraldehyde (for electron microscopy, EM), in 0.1 M phosphate buffer (PB, pH 7.2).
Variations in the amount of glutaraldehyde in the perfusion fixative did not have any effect on the
antigenicity of the antibody. Brains and saccules were dissected out and post-fixed for one hour and
o

stored in 0.1 M PB with 0.3% sodium azide at 4 C. Prior to storage, saccular epithelia (SE) were
dissected off the otolith and most of the extra-epithelial membrane was trimmed away. Brains and a
subset of SEs were incubated in 30% sucrose in PB for 24 to 48 hours, then sectioned in the transverse
(brains) or sagittal (SEs) plane on a Leica CM1850 cryostat (Nussloch, Germany) at 25 µm (brains) or 20
µm (SEs) and collected onto Superfrost plus (VWR, Radnor, PA) slides (for fluorescent
immunohistochemistry) or 60 µm and collected in well plates containing 0.1 M PB (for immuno-EM).

Neuroanatomical tract tracing
Brains were embedded in 3% agarose, mounted in a Lancer 1000 vibratome (Vibratome
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Company, St. Louis, MO) and sectioned rostrally from the caudal hindbrain to the level of the OE in the
medulla (n = 6). Under a dissecting microscope, crystals of 1,1-dioctadecyl-3,3,3,3 -tetramethylindocarbocyanine perchlorate (DiI; Thermo Fisher Scientific, Waltham, MA) were applied via minutien pin
to OE somata, visualized with methylene blue. Crystal size was selected to contact a majority of the
exposed bilateral extent of the nucleus. The applied crystals were sealed with 3% agarose and brains
o

were incubated in 4% paraformaldehyde for 21-24 days in the dark at 37 C. Brains were then sectioned
in the transverse plane at 50-100 µm on the vibratome, mounted on glass slides in 0.1 M PB, cover
slipped with ProLong Gold (Thermo Fisher Scientific) and immediately imaged. In a subset of animals (n
= 2), sections containing DiI backfilled cells were processed for TH immunohistochemistry (see below).

Fluorescent Immunohistochemistry
Brain sections on slides or free floating as well as whole SEs were processed as follows: 2x 10
min in 0.1 M phosphate-buffered saline (PBS, pH 7.2), 1 hour in blocking solution [(10% normal donkey
serum (Jackson ImmunoResearch, West Grove, PA) + 0.3% Triton X-100 in PBS)], 18 hours in the
following primary antibodies diluted in blocking solution: monoclonal mouse anti-TH (Millipore, Billerica,
MA, #MAB318, RRID: AB_2201528) diluted 1:1,000; polyclonal rabbit anti-dopamine beta hydroxylase
(DBH, Immunostar, Hudson, WI, USA, #22806, RRID: 22806) diluted 1:2,000; and polyclonal goat anticholine acetyltransferase (ChAT, Millipore, #AB144, RRID: AB_90650) diluted 1:200. Tissue was washed
6x 10 min in PBS + 0.5% donkey serum and incubated for 2 hours in the following secondary antibodies
(Thermo Fisher Scientific) diluted 1:200 in blocking solution: anti-mouse Alexa Flour 488, anti-rabbit or
anti-goat 568 and anti-goat 680. Tissue was then washed 3x 10 min in PBS. Whole mount saccules were
mounted onto slides. All slides were cover slipped with ProLong Gold containing 4,6-diamidino-2phenylindole nuclear stain (DAPI; Thermo Fisher Scientific). For free floating sections containing DiI filled
cells, Triton X-100 in the blocking solution was replaced with 0.1% digitonin. All incubations and washes
were carried out at room temperature.

Antibody Characterization
The goat polyclonal anti-ChAT antibody was produced against whole choline acetyltransferase
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purified from human placental lysate and western blot analysis shows bands of 68-70 kDa in mouse brain
extract (manufacturer’s information). Comparative western blot analysis shows similar bands of 68-72
kDa in the African clawed frog (López et al., 2013) and a diverse group of fishes, including lesser spotted
dogfish, sturgeon, trout (Anadón et al., 2000) and Senegal bichir (López et al., 2013). The pattern of
labeling in the midshipman fish is comparable to that reported in a broad range of non-mammalian
vertebrates where the antibody has been well characterized and used to describe cholinergic neurons
and fibers that are generally conserved across vertebrates (Rodríguez-Moldes et al., 2002). It labels
cholinergic cranial nerve motorneurons, auditory efferent neurons and fibers in amphibians (Marín et al.,
1997), bichir (López et al., 2013), dogfish (Anadón et al., 2000), lamprey (Pombal et al., 2001), lizard
(Wibowo et al., 2009), pigeon (Medina and Reiner 1994), rainbow trout (Pérez et al., 2000), red-eared
turtle (Jordan et al., 2015), sturgeon (Adrio et al., 2000), and zebrafish (Mueller et al., 2004). A previous
study in midshipman using a different monoclonal anti-ChAT antibody (Brantley and Bass, 1988) reported
identical labeling in hindbrain neurons and fibers. Omission of primary or secondary antibodies resulted in
absence of labeling.
The immunogen for the rabbit polyclonal anti-DBH antibody was purified DBH from bovine
adrenal medulla and recognizes a triplet of 72-74 kDa in rat brain extract on western blot (manufacturer’s
information). This antibody has been previously used to identify noradrenergic neurons and fibers in the
brains of rodents (Bullman et al., 2010; Tsuneoka et al. 2013), birds (Castelino and Ball, 2005; Pawlisch
et al. 2012) and in the peripheral nervous system of turtle (Belfry and Cowan, 1995) and hachetfish
(Zaccone et al., 2011). In the present study, in midshipman, this DBH antibody labels neurons with a
position and morphology in the locus coeruleus (LC) that is consistent with LC noradrenergic (NA)
neurons found in all vertebrates examined to-date (Smeets and González, 2000). These highly conserved
LC NA neurons have been identified via a combination of different TH and DBH antibodies in brown ghost
knifefish (Sas et al., 1990), filefish (Funakoshi et al., 2002), goldfish (Hornby and Piuket, 1990), lamprey
(Pierre et al. 1997), sturgeon (Adrio et al., 2002), three-spined stickleback (Ekström et al., 1992) and
zebrafish (Kaslin and Panula, 2001; Ma, 1994, 1997; McLean and Fetcho, 2004). Importantly, in both the
aforementioned citations and in our study, DBH does not label TH-ir neurons in the diencephalon, which
are considered to be dopaminergic (Yamamoto and Vernier, 2011). Furthermore, LC neurons, but not
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diencephalic TH-ir neurons, express DBH mRNA in zebrafish (Guo et al., 1999) and NA transporter
mRNA in medaka (Roubert et al. 2001). Conversely, diencephalic TH-ir neurons, but not LC neurons,
express DA transporter mRNA in zebrafish (Holzschuh et al. 2001). For comparison, we tested the DBH
antibody used in the present study in cryosections of larval zebrafish and found an identical pattern of THir/DBH-ir neurons in the LC, but only TH-ir neurons in the diencephalon. Omission of primary or
secondary antibodies resulted in absence of labeling.
The immunogen for the mouse monoclonal anti-TH antibody was purified from PC12 cells and
western blot analysis of both rat and fish brain lysate show comparable expected bands of ~59-63 kDa
and no cross-reactivity with other structurally similar enzymes (Adrio et al., 2002; Goebrecht et al., 2014;
manufacturer’s information). The antibody labels an expected pattern consistent with known
catecholaminergic neurons and fibers in plainfin midshipman (Forlano et al., 2014; Goebrecht et al.,
2014), other teleosts (McLean and Fetcho, 2004; Tay et al., 2011) and across vertebrates (Smeets and
González, 2000).

Fluorescent Image Acquisition and Analysis
Sectioned brain tissue (n = 6) was imaged on an Olympus BX61 epifluorescence compound
microscope (Tokyo, Japan) with a 20x objective, DAPI, GFP, Texas Red and Ultra Far Red filters
(Chroma, Bellow Falls, VT), and acquired with Metamorph imaging software (Molecular Devices,
Sunnyvale, CA). Photomicrographs were projections compiled from 5-10 µm z-stacks. All SE images
were acquired on a Nikon D-Eclipse C1 confocal microscope and EZ-C1 software (Tokyo, Japan). Whole
mounts (n = 4) were imaged at 10x with a resolution of 1024 x 1024 pixels using a 40 µm z-stack and 1
µm step size. Composite images of whole mounts were created with Photoshop CS 6 (Adobe, San Jose,
CA). For quantitative analysis of efferent innervation of the saccule, images from sagittal sections through
SE were acquired with a 60x oil-immersion objective, 2x digital zoom, 1024 x 1024 pixel resolution and 60
µm z-stacks with a 0.25 µm step size. 20 images equally distributed across the rostro-caudal and dorsoventral extent of the SE were acquired from each animal (females in summer reproductive condition, n =
4). Each image was categorized as being in the rostral, medial or caudal division of the SE. Putative THimmunoreactive (-ir) and ChAT-ir puncta were measured and analyzed as described previously (Forlano,
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Ghahramani, et al., 2015). Statistical analysis and graphs were produced using GraphPad Prism 6 (La
Jolla, CA). All multi-labeled fluorescent images were acquired sequentially.

Immunohistochemistry and imaging for EM
Free floating whole SE and 60 µm sections from the brain containing the OE (n = 13) were
washed 2x 10 min in 0.1 M PBS and then blocked in 0.1 M PBS + 5% normal donkey serum + 0.3%
dimethyl sulfoxide (DMSO, Sigma Chemicals) for 1 hour. All incubations and washes were carried out at
room temperature on a rotator. Mouse anti-TH (Millipore, #MAB318, RRID: AB_2201528) was diluted in
blocking solution (1:1,000) and all tissue was incubated in sealed glass vials for 16 hours. After primary
incubation, the tissue was washed 6x 10 min in PBS + 0.5% donkey serum (PBS-DS).
Secondary biotinylated anti-mouse antibody (Vector Labs, Burlingame, CA, USA) was diluted
(1:200) in blocking solution and tissue was incubated for 2 hours. Tissue was washed 6x 10 min in PBS +
0.5% donkey serum (PBS-DS) and incubated for 1 hour in Vectastain ABC solution (Vector Labs) diluted
(1:200) in PBS-DS. Tissue was washed 6x 10 min in 0.1 M PB and then processed with a 3-3’diaminobenzidine (DAB) peroxidase kit (Vector Labs) for 2-6 min to visualize labeling and provide a
substrate for osmification. Tissue was washed 4x 10 min in 0.1 M PB. SE and OE sections containing
visible DAB reaction product were then selected for further processing for EM.
Tissue was rinsed 3x 5 min in 0.1 M PB, followed by 3x 5 min in 0.2 M PB, then stained with 1%
osmium tetroxide in 0.2 M PB for 45 min. Following washes of 3x 10 min each in 0.2 M PB, 0.1 M PB and
double-distilled water (ddH2O), tissue was then dehydrated in a graded series of ethanols, infiltrated and
flat-embedded in Eponate resin (Ted Pella, Redding, CA). Embedded SEs were cut into rostral, medial
and caudal regions and re-embedded in coffin molds with the rostro-caudal axis either perpendicular or
parallel to the block face. OE sections were mounted on top of coffin molds with the dorso-ventral axis
parallel to the block surface.
Semithin sections (500 nm) from resin blocks were taken on a Leica EM UC6 ultramicrotome,
visualized with methylene blue and examined under a light microscope. These reference sections were
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Figure 2.1. Catecholaminergic Connectivity of the Saccule & Octavolateralis Efferent Nucleus
A: Dorsal view of midshipman brain and inner ear depicting the two efferent nuclei, the dopaminergic
periventricular posterior tuberculum (TPp, purple) and the cholinergic octavolateralis efferent nucleus
(OE, green), which project to the saccular epithelium (SE, black arrowheads, the main hearing endorgan)
via the eighth nerve (nVIII). Fluorescent micrographs depict tyrosine hydroxylase (TH) innervation of
midshipman saccule and OE (B, C). B: TH fibers (purple) enter the base of the SE and form punctate
swellings (white arrowheads) around the base of hair cells (HC, green). C: Punctate TH fibers
extensively wrap around OE neurons (identified with antibody for choline-acetyltransferase, ChAT, green)
and bundles of laterally projecting dendrites (white arrowheads). D-F: DiI implants into OE result in filled
cells and fibers (green, white arrowheads) in the TPp. DiI-filled cells in TPp are also TH positive (F),
confirming a dopaminergic projection to the OE (A). Additional abbreviations in A: C cerebellum, M
midbrain, T telencephalon. A, B, modified from Forlano and Sisneros (2016). Scale bar = 1.5 mm in A; 50
µm in B-F.
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used as guides to trim blocks down to regions of interest. A few additional semithin sections (200 nm)
were taken after trimming to confirm isolation of region of interest and to serve as reference sections to
EM images. Ultrathin serial sections (60-70 nm, 5-20) were collected onto formvar or pioloform coated
copper slot grids and counterstained with 3% uranyl acetate (8 min) and Reynold’s lead citrate (5 min).
Grids were imaged at 80 kV with a FEI Morgagni 268 transmission electron microscope
(Hillsboro, Oregon, USA) equipped with a CCD camera and micrographs were acquired using AMT image
capture software (Advanced Microscopy Techniques, Woburn, MA). TH-ir profiles were identified by an
electron dense, membrane-bounded DAB-osmium-reaction product, which could be observed in at least 2
or more serial sections. Omission of primary antibodies resulted in an absence of labeling. Regions
containing TH-ir profiles within the OE and saccule were selected from low magnification images (1,400x)
by random systematic sampling for subsequent examination at higher magnifications of up to 89,000x. To
evaluate presence of synaptic specializations in the saccule, five TH-ir profiles from each region of SE
(rostral, medial & caudal) from three animals were randomly selected, for a total of 45 profiles, and
followed through 9-20 serial sections. Images of profiles were acquired at 5,600x-7,100x and 28,000x36,000x. Measurements of distance between membranes, profile diameter and synaptic vesicle diameter
were made with ImageJ 1.47v (National Institutes of Health, Bethesda, MD) and are presented as ranges.
Synapses were defined according to Peters et al. (1991) as close apposition of two membranes with both
synaptic vesicles on one side and an even thickening of the two membranes (symmetric) or an uneven
thickening on the side without vesicles (asymmetric). EM micrograph contrast adjustment and pseudocoloration was completed with Photoshop CS6 (Adobe).

RESULTS
DiI tract tracing
DiI implants into the OE resulted in filled cells in the region of the TPp (2-8 per animal, mean = 4,
n = 6). Filled TPp cells are large and pear-shaped, resembling the dopaminergic cell population in this
region (Forlano et al., 2014). To confirm the neurochemical identity of filled cells, we used
immunohistochemistry for TH in a subset of animals (n = 2) and found that all filled TPp cells were TH-ir
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Figure 2.2. Dopamine is the Sole Catecholamine in the Octavolateralis Efferent Nucleus.
Fluorescent micrographs showing combined tyrosine hydroxylase (TH) and dopamine beta hydroxylase
(DBH) immunoreactive labeling in the locus coeruleus (LC, A-C) and octavolateralis efferent nucleus (OE,
D-F). LC neurons and dendrites are intensely labeled with both TH (A, C) and DBH (B, C), indicating the
synthesis of noradrenaline. The dense TH fibers in OE (D, F) contain no DBH signal (E, F). Scale bar =
100 µm in A-F.

(2-3 cells per animal, Figure 2.1D-F). No other filled cells were observed in other catecholaminergic cell
groups rostral to the OE.

DBH-TH double labeling
The DBH antibody labeled cell groups in the hindbrain in a pattern consistent with previous
reports from other vertebrates including teleost fishes (Kaslin and Panula, 2001; Ma, 1997; Smeets and
González, 2000). As expected, the locus coeruleus (LC) contains cells and fibers that are both TH-ir and
DBH-ir (Figure 2.2A-C), indicative of noradrenergic-producing neurons. In contrast, TH-ir neurons in TPp
are DBH-ir negative (also see Kaslin and Panula, 2001). The OE contains dense TH-ir fibers but is devoid
of DBH-ir signal (Figure 2.2D-F). Likewise, the saccule has robust TH-ir fibers but no DBH-ir signal (not
shown).
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Distribution of efferent innervation in the saccule
Inspection of whole mounts did not reveal any obvious regional differences in dopaminergic or
cholinergic innervation patterns (Figure 2.3A). Analysis of sagittal sections (Figure 2.3B) revealed no
differences between rostral, medial and caudal regions for TH-ir puncta per section (F(2,6) = 0.91, p =
0.45), average TH-ir punctum area (F(2,6) = 0.29, p = 0.76), ChAT-ir puncta per section (F(2,6) = 0.91, p
= 0.45) or average ChAT-ir punctum area (F(2,6) = 3.98, p = 0.08) (Figure 2.3C,D).

Figure 2.3. Dopaminergic and cholinergic terminals are distributed uniformly across the saccule.
A: Composite confocal micrograph of whole mount saccular epithelium (SE) depicting widespread
distribution of tyrosine hydroxylase (TH, purple) and choline-acetyltransferase immunoreactive (ChAT,
green) fibers. B: Representative sagittal section through SE used for analysis. Hair cell (HC) somata are
visible as light background. Dotted lines trace the approximate position of an example hair cell somata.
Stereocillia of HCs (not labeled) are aligned along apical edge of SE. Note concentration of efferent
putative puncta around base of HCs. Quantification of TH and ChAT putative puncta number (C) and size
(D) across rostral, medial and caudal regions of the SE (mean ± standard error). Regions are depicted in
A. Scale bar = 200 µm in A; 25 µm in B.

18

Synaptology of the saccule
All synaptic contacts with hair cells occur below their nucleus within the basal third of the
epithelium, concentrated around the base, and show general features conserved across vertebrate hair
cells. Afferent synapses are characterized by a presynaptic ribbon (an electron dense spherical or ovoid
structure), numerous presynaptic vesicles surrounding the ribbon and a postsynaptic density (Figure
2.4A). Efferent synapses, presumably cholinergic and originating from the OE, are characterized by
numerous synaptic vesicles in the efferent terminal, and a darkening of the postsynaptic membrane
overlying an intracellular envelope known as the subsynaptic cistern (Figure 2.4B). Less common, but
across all animals, efferent terminals are found making synapses directly on afferent processes. The
efferent terminal contains numerous vesicles, but unlike efferent-hair cell synapses, there is no
postsynaptic cistern. Instead, the presynaptic efferent terminal shows a membrane density (Figure 2.4C).
Afferent processes are also observed to form close and electron dense membrane oppositions with other
afferents. These membrane associations contain no synaptic vesicles and the distance between
membranes is 8-12 nm. These junctions are found both between afferent processes below hair cells as
well as between postsynaptic afferent profiles (Figure 2.4D). Gap junctions, with membrane distances of
5-10 nm, are found between support cells (SC) along the basal edge of the epithelium (Figure 2.5A,
inset).
TH-ir profiles in the saccule
TH-ir profiles are found near the basal membrane, in association with SCs and neural processes
(Figure 2.5A). Many profiles have small diameters (80-290 nm) and are likely cross sections of fibers of
passage, continuing to the synaptic region around hair cells; however, some profiles have larger
diameters (400-550 nm) and appear to contain synaptic vesicles, 28-35 nm in diameter. The DABreaction product typically fills the cytoplasm of the entire profile but remains absent in vesicles and
mitochondria. Vesiculated profiles are more commonly observed within 10 µm of the hair cell base, in
proximity to afferent-hair cell, efferent-hair cell and efferent-afferent synapses (Figure 2.5B-D). As can be
seen in fluorescent micrographs (Figure 2.1B), TH-ir fibers form swellings along their length. TH-ir
processes sectioned through the longitudinal axis show thin 50-80 nm diameter fibers that swell to a
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diameter of 400-450 nm and contain vesicles (Figure 2.6A-F). Unlike afferent and cholinergic efferent
profiles, these swellings rarely make direct contact with other structures. Throughout 45 randomly
selected profiles (5 each from rostral, medial and caudal regions of the saccule from 3 animals), serial
sections (9-20) did not reveal any synaptic specializations, such as darkening of the postsynaptic
membrane (Figure 2.7A-I).

Figure 2.4. Electron micrographs depicting various synapse types present in the saccular
epithelium. A: Afferent synapse between hair cell (HC, green) and primary afferent dendrite (A, purple),
which typically contains a presynaptic ribbon (white asterisk, an electron dense spherical object), as well
as a postsynaptic density. B: Efferent synapse (E, blue) at base of a hair cell (HC, green), likely
emanating from the cholinergic octavolateralis efferent nucleus (OE). Many synaptic vesicles are present
in the presynaptic region while a darkening of the postsynaptic membrane overlays a clear intracellular
envelope, the subsynaptic cistern (black arrowhead). C: Efferent synapse (E, blue) on afferent process
(A, purple). Although less common than efferent-hair cell synapses, these were found across all subjects.
D: A tight junctional association (black arrowhead) between two afferent dendrites (A, purple), possibly a
gap junction, near an afferent synapse on a hair cell (white asterisk). Synaptic elements depicted in
electron micrographs are pseudo-colored for clarity. Scale bar = 500 nm in A-D.
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TH-ir profiles in the octavolateralis efferent nucleus
The cells of the OE can be easily identified based on their anatomical location and morphology in
semithin and ultrathin sections (compare Figure 2.1C & 2.8A). At low magnification, OE somata are
surrounded by numerous TH-ir profiles, which appear to directly contact the membrane (Figure 2.8B).
Examination at higher magnification revealed two types of profiles. Some profiles do indeed directly
contact the OE somatic membrane, contain synaptic vesicles (28-62 nm) and appear to exhibit
symmetric-like synaptic specializations (Figure 2.8C,I). Another class of TH-ir profile, containing vesicles
of similar size, directly abuts unstained axon terminals making direct synapses on OE somata (Figure
2.8D-H). These unstained terminals are symmetric-like, but vary in their vesicle morphology, with either
pleomorphic (30-36 nm) or round synaptic vesicles (27-33 nm). Unstained asymmetric-like synapses are
occasionally observed on OE somata, but always without abutting TH-ir profiles (Figure 2.8J). OE
neurons have large ventro-lateral projecting dendrites (OEds) that are tracked by prominent TH-ir fibers
(Figure 2.1C, 2.9A). OEds can be readily identified and followed in semithin and serial ultrathin sections
for 50-150 µm from OE neurons (Figure 2.9B). OEd-contacting TH-ir profiles are similar in appearance to
direct contacts on OE somata, with small synaptic vesicles (29-56 nm), but with either symmetric-like or
asymmetric-like synaptic specializations (Figure 2.9C-G). While TH-ir profiles were not found to form
synapses with unlabeled terminals on OEds, we did observe profiles in the surrounding neuropil, in
association with unidentified processes, not more than 10 µm from identified OEds (Figure 2.9H-J).

DISCUSSION
Our combined tract tracing, immunohistochemical and electron microscopy results extend our
previous findings (Forlano, Ghahramani, et al., 2015; Forlano et al., 2014) further supporting DA as a
modulator of both the inner ear and the hindbrain auditory efferent system.

Catecholaminergic innervation of the auditory periphery and efferent nucleus is dopaminergic
The localization of TH-ir to profiles containing synaptic vesicles in the saccule and OE supports
release of catecholamines (CA), which include DA and NA. The centrifugal CA innervation of the saccule
is exclusively dopaminergic, as the only TH-ir neurons identified via tract tracing from the saccule reside
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Figure 2.5. Tyrosine hydroxylase immunoreactive (TH-ir) profiles in the saccular epithelium
contain synaptic vesicles and are situated near multiple synapse types and junctions. A: TH-ir
profiles near the basal lamina (BL), in association with support cells (SC) and nerve processes (N,
purple), both afferent and efferent. Many profiles are small and likely cross sections of fibers of passage
(white arrowheads) continuing to the base of hair cells, however some profiles are larger and appear to
contain vesicles (black arrowheads) and are situated near gap junctions between support cells (black
asterisk). Inset depicts gap junction. B: TH-ir profile, containing electron dense reaction product (black
arrowhead), near the base of a hair cell (HC, green) with both an efferent (E, blue) and afferent (A,
purple) synapse in close proximity. Inset shows vesiculated nature of TH-ir profile. C: TH-ir profile (black
arrowhead) near efferent synapse (E, blue) on an afferent fiber (white arrowhead). D: Vesiculated TH-ir
profile (black arrowhead) in proximity to an afferent fiber (A, purple) making a synapse en passant (white
asterisk) with a hair cell (HC, green). Electron micrographs are pseudo-colored for clarity. Scale bar = 500
nm in A-D; 100 nm inset B.
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in the dopaminergic TPp in the diencephalon (Forlano et al., 2014) and we observed no DBH-ir signal in
the saccular epithelium. The lack of DBH co-localization with TH fibers indicates that CA input to the OE
is also dopaminergic. The OE of teleosts has widespread projections to all mechanosensory endorgans
and is considered to represent the plesiomorphic (ancestral) state of the vertebrate auditory efferent
system (Fritzsch, 1999; Köppl, 2011; Simmons, 2002). In the derived efferent system of mammals,
anatomically distinct subpopulations of efferent neurons in the hindbrain project exclusively to either the
cochlea or vestibular endorgans. Several studies have documented noradrenergic and serotonergic input
to cochlear efferent neurons (Brown, 2011; Mulders and Robertson, 2000, 2005; Thompson and
Thompson, 1995; Woods and Azeredo, 1999). Interestingly, we also observe serotonergic fibers making
putative contacts on OE neurons of midshipman (Forlano and Timothy, unpublished observations). In
contrast, DA innervation of cochlear efferent neurons has only been investigated in a single study, in
guinea pig, where the authors concluded that based upon the absence of DA antibody labeling, putative
TH-ir contacts on efferent neurons are all noradrenergic (Mulders and Robertson, 2005). However, a
more recent study in mice shows projections throughout the auditory brainstem originating from
dopaminergic A11 neurons in the subparafascicular thalamic nucleus (Nevue et al., 2016), though they
did not confirm DA contacts on cochlear efferent neurons. In general, additional studies of DA innervation
of auditory efferents are needed in mammals as well as other anamniotes. It is therefore an open
question as to whether direct DA modulation of the auditory efferent system is an ancestral feature that
has been universally lost in mammals or is a more recently derived and unique adaptation in fishes.
The TPp was the only CA nucleus rostral to the OE with backfilled cells. Area postrema (AP) and
the vagal lobe (XL) contain a mix of NA and DA cells (Kaslin & Panula, 2001; Ma, 1997) and while we
cannot rule out a dopaminergic contribution to the OE from these cell groups, they are likely to be minimal
for the following reasons: 1) TH-ir fiber projections examined in multiple planes of section appear to
originate from descending CA tracts (Forlano et al., 2014) and 2) a projectome study in larval zebrafish
showed that CA neurons in AP have mostly local or diencephalic targets and XL-associated CA neurons
have mostly local projections (Tay, Ronneberger, Ryu, Nitschke, & Driever, 2011). The connectivity of the
TPp has been most thoroughly investigated in larval zebrafish, where individual DA neurons have
extensive ascending and descending axonal arborizations and innervate multiple targets, including spinal
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Figure 2.6. Tyrosine hydroxylase (TH) profiles form button-like swellings. Serial sections (A-F)
showing a TH-immunoreactive profile (black arrowheads and asterisks) as it tracks along a neural
process (N, purple) below a hair cell. Diameter of profile varies from 50nm to 400 nm. Note vesiculated
appearance of profile where it widens (black asterisks, D-F). Electron micrographs are pseudo-colored for
clarity. Scale bar = 500 nm in A-F.
cord and lateral line neuromasts (d’Aldin

et al., 1995; Garrett et al., 2011; Maison et al., 2012; Niu

& Canlon, 2006; Oestreicher, Arnold, Ehrenberger, & Felix, 1997; Ruel et al., 2001; Sun &
Salvi, 2001; Valdés-Baizabal et al., 2015)(Jay et al., 2015; Tay et al., 2011). In mice, individual DA
neurons from the A11 group project to both the inferior colliculus and the auditory brainstem (Nevue et al.,
2016). Importantly, the TPp is a proposed homolog of the mammalian A11 group of DA neurons
(Schweitzer et al., 2012; Yamamoto and Vernier, 2011). It is possible that in midshipman, the same
dopaminergic TPp neurons that innervate the saccular epithelium also project to the OE. Regardless, the
connectivity we have demonstrated here, along with our previous work showing that the TPp also
contributes dopaminergic input to other vocal-acoustic circuitry (Forlano et al., 2014), suggests an
integrative role for DA TPp neurons in auditory-driven social behaviors.

Synaptology and efferent input to the saccule of the inner ear
Unlike the mechanically tuned mammalian cochlea, the saccules of some fishes possess a crude
tonotopic organization (Fay, 1978; Furukawa & Ishii, 1967; Sisneros, 2007) that has been suggested to
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arise from regional variation of hair cell morphology or efferent innervation (A. N. Popper & Saidel, 1990;
Arthur N. Popper & Fay, 1999). Regional efferent modulation in the saccule has also been proposed as a
mechanism to support sound source localization (P. L. Edds-Walton, Fay, & Highstein, 1999). Our
confocal

Figure 2.7. Tyrosine hydroxylase immunoreactive (TH-ir) profiles do not form traditional synapses
in the saccular epithelium. Serial sections (A-I) show a vesiculated TH-ir profile (black arrowhead)
adjacent to a hair cell (HC, green) and afferent process (A, purple) cradled by a support cell (SC). No
synaptic specializations were observed. Efferent bouton (E) is blue. Electron micrographs are pseudocolored for clarity. Scale bar = 500 nm in A-I.
analysis did not reveal any regional differences in TH or ChAT putative puncta, suggesting that regional
differences in thresholds are not attributable to efferent innervation patterns.
The fine structure of the midshipman saccule is comparable to that of the closely related oyster
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toadfish (Sokolowski and Popper, 1988) and other fishes (Hama, 1969; Jenkins, 1979; Arthur N. Popper
& Fay, 1999; Wegner, 1982). Gap junctions between support cells have been widely reported and
confirmed with freeze-fracture EM (Hama, 1980; Hama & Saito, 1977; Wegner, 1982). Afferent and
efferent synapses with hair cells can be easily identified based upon their morphology. The efferent-hair
cell synapses we describe have been previously identified as cholinergic using both light and electron
microscopy (Forlano, Ghahramani, et al., 2015; Khan, Hatfield, Drescher, & Drescher, 1991; Sugihara,
2001) and have an inhibitory effect on hair cells (Furukawa, 1981; E. Katz, Elgoyhen, & Fuchs, 2011).
We also report efferent varicosities synapsing directly onto afferent processes. Although less
common in comparison to efferent-hair cell synapses, where a hair cell can been seen to receive 1-3
efferent terminals in a single thin section, such efferent-afferent synapses are consistently seen across
subjects in this study and have also been described in goldfish saccule and semicircular canal (Lanford &
Popper, 1996; Nakajima & Wang, 1974), oyster toadfish utricle and semicircular canal (Sans & Highstein,
1984), sea eel lateral line (Hama, 1978), and rainbow trout saccule, utricle and semicircular canal (Khan,
Drescher, Hatfield, & Drescher, 1993; Khan et al., 1991). Indeed, this synapse type is conserved across
vertebrates
(Köppl, 2011). Like efferent-hair cell synapses, these junctions appear to be cholinergic, as verified in
trout saccule by histochemical localization of acetylcholinesterase (Khan et al., 1991). Interestingly,
efferent-afferent synapses may exert an excitatory modulatory action, in contrast to inhibitory efferent-hair
cell synapses, although this has only been examined in vestibular afferents (Boyle et al., 2009). Perhaps
owning to their rarity, the distribution and function of this synapse type has not been systemically
investigated in teleost hearing endorgans.
The membrane specializations between afferent processes we describe have only, to our
knowledge, previously been reported in oyster toadfish, where it is suggested that they are gap junctions
(Sokolowski & Popper, 1988). The distances we observed between afferent membranes in the present
study, 8-12 nm, is similar to the distances between membranes at support cell gap junctions, 5-10 nm,
which are found in numerous vertebrates (Forge et al., 2003; Hama, 1980). The confirmation of gap
junctions between afferent neuronal processes will require further investigation with freeze-fracture
analysis or immunohistochemistry.
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Evidence for volumetric release of dopamine in the inner ear
The asynaptic quality of dopaminergic terminals in the midshipman saccule is a novel, though not
unexpected observation, since CA systems are known to utilize volumetric release from varicosities

Figure 2.8. Tyrosine hydroxylase immunoreactive (TH-ir) profiles make direct and indirect
contacts with octavolateralis efferent (OE) neurons. A: Light micrograph depicts 0.5 µm thick
transverse section containing OE neurons. Cytoarchitecture visualized with methylene blue. White arrows
indicate medial (M) and dorsal (D) orientation. Box highlights soma shown in B, taken from subsequent
serial section. B: Low mag electron micrograph shows OE soma (OEs, green) surrounded by numerous
TH-ir profiles (white arrowheads). C: Higher magnification of TH-ir profile (black arrowhead) from box I in
B. Inset shows magnified image of profile. Note direct apposition to soma membrane and vesiculated
appearance. D-G: Serial sections through a TH-ir profile (black arrowhead, box II in B) abutting an
unlabeled axon terminal (UT, purple) on OEs (green). Note both vesiculated appearance of TH-ir profile
(most apparent in E) as well as symmetric synapse of unlabeled axon terminal (white arrowheads in F,
G). Additional examples of (H) indirect TH-ir profile (black arrowhead) contacting unlabeled symmetric
axon terminal (UT, purple) synapsing (white arrowhead) on OEs and (I) large vesiculated TH-ir swelling
(black arrowhead) directly contacting OEs (white arrowheads). J: Unstained axon terminal (UT, purple)
forming an asymmetric synapse (white arrowhead) with OEs. TH-ir profiles were never found in contact
with these terminal types. Electron micrographs are pseudo-colored for clarity. Scale bar = 100 μm in A; 2
μm in B; 100nm in C; 500 nm for inset in C, and D-J.
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lacking traditional synaptic contacts (Descarries & Mechawar, 2000; Pickel, Nirenberg, & Milner, 1996).
Ultrastructural evidence for dopaminergic volume transmission in teleosts has been reported in the retina,
pituitary and hindbrain (Pereda, Triller, Korn, & Faber, 1992; Peute et al., 1987; Yazulla & Studholme,
1995). Previous ultrastructure investigations of dopaminergic innervation of hearing endorgans are limited
to guinea pig cochlea, where profiles immunoreactive for TH and aromatic amino acid decarboxylase (the
enzyme that converts L-DOPA to DA) directly abut afferent and unstained efferent fibers and inner hair
cells in the organ of Corti; however, only contacts with afferents display traditional synaptic structures
(d’Aldin et al., 1995; Eybalin et al., 1993). These studies did not systematically examine serial sections so
it is unclear whether all DA varicosities form synapses, or only a subset. Using confocal microscopy, a
partial mismatch was reported between dopaminergic puncta and receptors in the immature mouse
cochlea, where D1-like and D2-like receptors are localized to regions of the auditory afferent fibers that
are up to 15 µm away from putative DA release sites, suggesting diffuse transmission (Maison et al.,
2012). Similarly, confocal microscopy was used to show that putative dopaminergic terminals do not
colocalize with D1-like receptors on hair cells in larval zebrafish lateral line neuromasts (Toro et al., 2015).
Paracrine release of DA could affect multiple targets in the saccule. The location of vesiculated
TH-ir profiles close to the basal membrane of the saccular epithelium, where afferent nerve fibers first
become myelinated, may facilitate modulation of afferent neurons near the site of action potential
initiation, as proposed in mammals (Maison et al., 2012). DA may also act upon midshipman hair cells or
could modulate the cholinergic action of efferents on hair cells or afferents. Physiological studies in
rodents are somewhat paradoxical, but mostly describe an inhibitory effect of DA on cochlear afferent
neurons with no effect on direct measures of inner hair cell function (d’Aldin et al., 1995; Lendvai et al.,
2011; Ruel et al., 2001; Sun & Salvi, 2001; Valdés-Baizabal, Soto, & Vega, 2015), but some evidence for
direct modulation of outer hair cells (Garrett, Robertson, Sellick, & Mulders, 2011; Maison et al., 2012).
Although functional studies are lacking in non-mammalian hearing organs, DA has an inhibitory effect on
both the VIII nerve in larval zebrafish (Mu et al., 2012) and the afferent nerve in the frog semicircular
canal, which serves a singularly vestibular function (Andrianov, Ryzhova, & Tobias, 2009). In contrast, DA
increases the excitability of hair cells in the zebrafish lateral line through a D1-like receptor mechanism
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(Toro et al., 2015). Isolated hair cells from rainbow trout express both D1-like and D2-like receptor mRNA
(Drescher et al., 2010), as do homogenates of larval zebrafish utricular and saccular maculae (Toro et al.,
2015). To our knowledge, there is no evidence for a direct DA modulation of cholinergic efferents in the
peripheral auditory system, but dopaminergic and cholinergic systems have well characterized
interactions in the central nervous system (Acquas & Chiara, 2002; Moore, Fadel, Sarter, & Bruno, 1999).
Another possibility, as suggested by basally located vesiculated TH-ir profiles, is that DA may interact with
the gap junctions between support cells. In the teleost retina, DA gates gap junction permeability,
reducing their open state probability (McMahon, Knapp, & Dowling, 1989). The network of gap junctions
between support cells is thought to be important for regulating the ionic concentration of both the
perilymph, which surrounds the hair cells and associated neural processes, and endolymph, which bathes
the apical surface of hair cells, and which could influence multiple aspects of hair cell physiology,
including frequency tuning or thresholds (Chang-Chien et al., 2014; Ghanem, Breneman, Rabbitt, &
Brown, 2008; Zhu et al., 2013). Interestingly, DA appears to alter ion exchange activity in support cells of
the stria vascularis of the guinea pig cochlea (Kanoh, 1995).

Dopaminergic input to hindbrain auditory efferents shows synaptic heterogeneity
The heterogeneous mixture of synaptic terminal types in the OE suggests numerous mechanisms
through which the dopaminergic TPp could modulate the cholinergic auditory efferent system. TH-ir
synapses on OE somata and dendrites strongly support direct DA modulation of OE neurons. The
symmetric synaptic specializations and transmitter vesicle morphology of unlabeled, TH-ir-profile
contacted terminals are characteristic of inhibitory synapses containing GABA or glycine (Helfert et al.,
1992; Alan Peters & Palay, 1996). Thus, DA innervation may also indirectly modulate somatic inhibition.
In contrast to direct contacts on somata, which were symmetric-like, TH-ir synapses on proximal OE
dendrites exhibited both symmetric-like and asymmetric-like synapses. Unlike glutamatergic and
GABAergic synapses, the fine structure of CA synapses cannot be reliably correlated with their
modulatory function (Pickel et al., 1996). Recent evidence from larval zebrafish shows that dopaminergic
TPp neurons express vesicular glutamate transporter-2 mRNA (Filippi, Mueller, & Driever, 2014),
suggesting that the TH-ir asymmetric synapses we observed on OE dendrites may co-release glutamate.
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There is disagreement in the literature concerning whether DA and glutamate are released from the same
or segregated axon terminals (Descarries et al., 2008; Hnasko et al., 2010; S. Zhang et al., 2015), so

Figure 2.9. Tyrosine hydroxylase immunoreactive (TH-ir) profiles form direct contacts with
proximal octavolateralis efferent (OE) dendrites. A: Fluorescent micrograph showing robust varicose
TH-ir fibers (purple, white arrowheads) tracking along cholinergic fibers (ChAT-ir, green) emanating from
OE neurons. B: Light micrograph showing OE fibers (white arrowheads) in semithin section at similar
scale and location to A. Cytoarchitecture visualized with methylene blue. Box indicates area shown in c
from subsequent section. C: TH-ir neurite tracks and forms a direct contact (box) with OE dendrite (OEd).
D: High mag micrograph of TH-ir profile from C. Note vesicles and direct, symmetric synapse with OEd
(black arrowheads). E-G: Consecutive serial sections depicting vesiculated TH-ir profiles (black

30

arrowheads) forming asymmetric- like synapse on OEd (white arrowhead). H-J: Consecutive serial
sections depicting vesiculated TH-ir contact on unlabeled profile (P, purple) in the neuropil surrounding
OEds. Electron micrographs are pseudo-colored for clarity. Scale bar = 50 µm in A, B; 1 μm in C; 200 nm
in D; 500 nm in E-J.
elucidating co-transmission in the OE will require further ultrastructure studies that employ antibody
markers for both DA and glutamate transporters or receptors.
There are two pathways through which TPp axons could innervate the OE: 1) a descending
medial efferent bundle that appears to first target OE somata and continue on the dendritic field and 2) a
more laterally situated descending medial longitudinal catecholaminergic tract that appears to first target
the OE dendritic field (Forlano et al., 2014). While both of these pathways could contribute equally to the
range of DA inputs to OE somata and dendrites, it is possible that the different DA synapse types we
observed could share distinct pathways. For example, direct DA contacts on somata might arise from the
medial efferent bundle and indirect DA contacts on the unlabeled inhibitory-like terminals might arise from
the medial longitudinal tract. This would suggest functionally and anatomically distinct subdivisions of the
TPp, a possibility that could be investigated by backfilling individual TPp neurons and identifying their
synaptic terminals throughout the OE.
We were unable to discern the identity of unlabeled profiles that received TH-ir contacts in the
neuropil surrounding OE dendrites. While these may be finer processes either emanating from or
contacting OE dendrites, we did not observe connections between the unlabeled profiles and OE
dendrites in serial sections. DA contacts on these structures are therefore unlikely to contribute to
modulation of the OE.

Functional implications of direct and indirect dopaminergic modulation of the auditory periphery
Our observations raise intriguing questions concerning seasonal changes in DA innervation in the
saccule and OE. Using fluorescent microscopy, we demonstrated that DA innervation is reduced in the
saccule and greater in the OE in females during the summer breeding vs. the winter non-reproductive
season (Forlano, Ghahramani, et al., 2015). Taken together with the well-documented enhancement of
hearing sensitivity in the summer, this suggested an inhibitory effect of DA in both the saccule and the OE
(Forlano & Sisneros, 2016; Forlano, Sisneros, et al., 2015). A reduction of DA in the saccule would
decrease direct inhibition of peripheral auditory processing, and an increase of DA in the OE would result
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in a reduction of the inhibitory drive of cholinergic efferents to the saccule. A summer decrease in the
number and size of vesiculated TH-ir profiles in the saccule would be consistent with our light microscopy
observations and the proposed inhibitory function of DA in the periphery. Seasonal synaptic differences
could be more complex in the OE. If DA inhibits OE neurons, we would predict a summer increase in
direct TH-ir contacts on OE somata and dendrites, but a decrease in TH-ir contacts on unlabeled,
inhibitory-like terminals on OE somata. However, if DA excites OE neurons, we would expect the opposite
pattern, consistent with a reduction of cholinergic inhibition in the saccule. If the asymmetric-like DA
terminals are glutamatergic and excitatory, we would predict a summer reduction in these terminals.
There is evidence for both D1-like and D2-like receptor mRNA expression in OE neurons in the European
eel (Kapsimali et al., 2000; Pasqualini et al., 2009). If DA receptor expression is similarly diverse in the
midshipman OE, then localization of receptor subtypes in somata and dendrites may clarify the
modulatory function of DA and the downstream effects of seasonal variation of innervation. Future
quantitative studies will test these hypotheses and may reveal important seasonal changes in
dopaminergic ultrastructure and receptor expression that contribute to auditory plasticity in midshipman
(Forlano et al., 2015, 2016b).
The present study is the first to examine the ultrastructure of DA innervation in both the inner ear
and hindbrain auditory efferent system in a non-mammalian vertebrate. While the implications of this work
to the evolution of the auditory efferent system will require further insights from other anamniotes, the
well-characterized vocal courtship behaviors of the midshipman along with the accessibility of its auditory
system should be a profitable model in which to uncover the biological function of DA in the inner ear and
its role in acoustic communication.
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Chapter 3:
Forebrain dopamine system regulates inner ear auditory sensitivity
to socially relevant acoustic signals*

*published as Perelmuter, J. T., Wilson, A. B., Sisneros, J. A., & Forlano, P. M. (2019). Forebrain
Dopamine System Regulates Inner Ear Auditory Sensitivity to Socially Relevant Acoustic Signals. Current
Biology. https://doi.org/10.1016/j.cub.2019.05.055
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INTRODUCTION
Dopamine is integral to attentional and motivational processes, but studies are largely restricted
to the central nervous system. In mammals (Darrow, Simons, et al., 2006; Eybalin et al., 1993) and fishes
(Forlano et al., 2014; Toro et al., 2015), central dopaminergic neurons project to the inner ear and could
modulate acoustic signals at the earliest stages of processing. Studies in rodents show dopamine inhibits
cochlear afferent neurons and protects against noise-induced acoustic injury (Garrett et al., 2011; Guinan,
2018; Maison et al., 2012; Ruel et al., 2001; Sun & Salvi, 2001; Valdés-Baizabal et al., 2015). However,
other functions for inner ear dopamine have not been investigated and the effect of dopamine on
peripheral auditory processing in non-mammalians remains unknown (Fuente, 2015; Köppl, 2011).
Insights could be gained by studies conducted in the context of intraspecific acoustic communication. We
present evidence from a vocal fish linking reproductive-state dependent changes in auditory sensitivity
with seasonal changes in the dopaminergic efferent system in the saccule, their primary organ of hearing.
Plainfin midshipman (Porichthys notatus) migrate from deep water winter habitats to the intertidal zone in
the summer to breed. Nesting males produce nocturnal vocalizations to attract females (A. H. Bass,
1996). Both sexes undergo seasonal enhancement of hearing sensitivity at the level of the hair cell
(Bhandiwad, Whitchurch, Colleye, Zeddies, & Sisneros, 2017; Rohmann & Bass, 2011; Sisneros, 2009),
increasing the likelihood of detecting conspecific signals (A. H. Bass & Clark, 2003; Sisneros, Forlano,
Deitcher, et al., 2004). Importantly, reproductive females concurrently have reduced dopaminergic input
to the saccule (Forlano, Ghahramani, et al., 2015). The dopaminergic innervation of the midshipman fish
saccule originates from the periventricular posterior tuberculum (TPp) in the forebrain and is discrete from
cholinergic efferents from the hindbrain (A. H. Bass et al., 1994; Brantley & Bass, 1988; Forlano et al.,
2014) (Figure 3.1A,B). Dopaminergic puncta in the saccule do not form synapses, suggesting paracrine
release and the potential to modulate hair cells, cholinergic efferent and primary auditory afferent
synapses (Perelmuter & Forlano, 2017). A previously reported reduction of dopaminergic puncta size and
number in the saccules of summer females (Figure 3.1B,C) (Forlano, Ghahramani, et al., 2015) coincides
with enhanced higher frequency encoding by saccular afferents (Sisneros & Bass, 2003) and greater
sensitivity of hair cells (Rohmann & Bass, 2011; Sisneros, 2009). These are changes that could improve
the detection of the dominant harmonic content of male courtship vocalizations (Figure 3.1D), which
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propagate more readily in the shallow waters of summer breeding sites (A. H. Bass & Clark, 2003). Here,
we show that dopamine decreases saccule auditory sensitivity via a D2-like receptor. Saccule D2a
receptor expression is reduced in the summer and correlates with sensitivity within and across seasons.
We propose that reproductive-state dependent changes to the dopaminergic efferent system provide a
release of inhibition in the saccule, enhancing peripheral encoding of social-acoustic signals.

Figure 3.1. Background: Origin and Seasonal Changes of Dopaminergic Input to Saccule
(A) Dorsal view of midshipman brain depicting dopaminergic projection (red) from TPp to the saccule
(SE). Abbreviations: Cer, cerebellum; Mid, midbrain; OE, octavolateralis efferent nucleus; SE, saccular
epithelium; Tel, telencephalon; TPp, periventricular posterior tuberculum; VIII, eighth nerve. Scale bar =
1.5 mm. (B) Micrographs from summer and winter females showing seasonal change to dopamine
innervation (Tyrosine Hydroxylase - TH, red) of saccule. Nuclei of hair cells and support cells labeled with
DAPI (blue). Scale bar = 25 µm. (C) Number and size of dopamine puncta are reduced in summer
females. B and C adapted from Forlano et al. (2015). (D) Power spectrum of male courtship call (black
trace, right y-axis). Power is near equal between fundamental frequency (~100 Hz) and first 3 harmonics
with significant harmonic peaks up to 1,000 Hz. Waveform of call is shown inset at top right (2 s long).
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METHODS
Subjects
Female midshipman fish were hand-collected in reproductive condition in the summer (June
2016) from intertidal nesting sites in Brinnon, WA and in non-reproductive condition in the winter (January
2016, 2018) by trawl in the Puget Sound, WA and Monterey Bay, CA. Fish were group housed in
saltwater aquaria at the University of Washington in Seattle, WA and used for physiology experiments
within 3 weeks of capture. Standard length (SL), body mass (BM) and gonad mass were recorded for all
fish. Sex and reproductive condition were confirmed after each experiment by both visual inspection of
the ovaries and evaluating gonadosomatic index (GSI), calculated as 100 x gonad mass/(body mass –
gonad mass). Females were considered to be in reproductive condition if they had ovaries with large,
developed yellow/orange-yolked eggs (~ 5 mm diameter) and a GSI greater than 10. Nonreproductive
females had ovaries with small white eggs (~1 mm diameter) and a GSI less than 10. This study included
36 reproductive females (mean SL = 16.33 ± 1.3 cm SD, mean BM = 56.8 ± 16.65 g SD, and mean GSI =
22.97 ± 10.48 SD) and 11 nonreproductive females (mean SL = 14.78 ± 3.24 cm SD, mean BM = 45.63 ±
29.09 g SD, and mean GSI = 3.3 ± 2.89 SD). All animal care and experimental procedures were
approved by the University of Washington Institutional Animal Care and Use Committee.
Physiology and Pharmacology
Methods for in vivo recording of auditory evoked saccular hair cell receptor potentials were based
upon previous studies (Alderks & Sisneros, 2011; Bhandiwad et al., 2017; Coffin et al., 2012; Rohmann &
Bass, 2011; Rohmann et al., 2013; Sisneros, 2007, 2009). Animals were anesthetized for surgery by
immersion in 0.025% ethyl-p-am-ionobenzoate dissolved in seawater for approximately 5 min, until
opercular movement ceased, followed by an intramuscular injection of cisatracurium besylate for
immobilization and 0.25% bupivacaine for analgesia. After exposing bilateral otic capsules, a 3-4 cm
hydrophobic dam was erected around the craniotomy to prevent exposure of the inner ear to salt water.
Fish were submerged, secured to a head-holder in a 40-cm diameter tank and positioned 10 cm above an
underwater speaker (UW-30, Telex Communications). Water was recirculated via a mouthpiece over the
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gills and tank temperature was maintained between 14 and 15° C. The tank was situated on a vibrationisolation air table inside a sound attenuation chamber.
Dopamine hydrochloride, quinpirole, SKF-38393 and sulpiride (Sigma) were dissolved in artificial
endolymph (Ghanem et al., 2008; Rohmann et al., 2013) with 0.1% sodium metabisulfite, and delivered
into the extracellular space of the saccule via iontophoresis using 30 minute, 0.5 Hz duty cycle, through
glass microelectrodes with a 30-40 µm tip diameter (Figure 3.2A). Injection currents were 10 nA for
dopamine and 50 nA for all other compounds. This injection method was adapted from a previous study
(Rohmann et al., 2013). Pharmacological agents were selected based upon comparable behavioral and
physiological effects in teleosts and mammals (Bundschuh, Zhu, Scharer, & Friedrich, 2012; Kawai, Abe,
& Oka, 2012; Scharer, Shum, Moressis, & Friedrich, 2012; Souza, Romano-Silva, & Tropepe, 2011;
Thirumalai & Cline, 2008; Toro et al., 2015). D1 and D2 receptors have been functionally characterized in
eel, goldfish and tilapia and show binding affinities for commercially available dopamine receptor agonists
and antagonists that are similar to mammals (Frail et al., 1993; Jolly et al., 2016; Levavi-Sivan, Aizen, &
Avitan, 2005). Initial drug concentrations and injection times were determined based upon published
pharmacology studies of dopamine in the rodent cochlea (Oestreicher, Arnold, Ehrenberger, & Felix,
1997; Ruel et al., 2001), and then adjusted to achieve consistent effects based on pilot experiments
(Figure 3.2B, C). Doses reflect the concentration of compounds within the injection electrode. As shown
previously (Rohmann et al., 2013), the effective concentrations at the site of action (i.e. hair cells) are
likely to be considerably less, as compounds must travel from the site of injection to their target, resulting
in a concentration gradient. The dynamics of this gradient are influenced by the rate of diffusion, which is
in turn determined by factors such as tortuosity of the tissue, bulk flow and clearance/uptake mechanisms
(Sykova & Nicholson, 2008). Our injection pipette was positioned at the dorsal aspect of the saccule,
approximately 2.5 mm away from the hair cells in the epithelium (Figure 3.2A). The ejection of a
compound from a point source (i.e. a pipette) produces a steep concentration gradient that rapidly
decreases with distance from the source. This spatial gradient reaches equilibrium and remains stable
over time as long as both the flow rate from the pipette and the clearance rate are constant (Postma &
van Haastert, 2009). For dopamine, additional mechanisms such as breakdown (i.e. via MAO and COMT
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Figure 3.2. Schematic of injection and timing of washout of effect. (A) Illustration of a lateral view of
the midshipman saccule showing position of injection and recording electrodes (black arrow head)
relative to hair cells of the saccular epithelium (SE). Abbreviations: SM, saccular membrane; SO, saccular
otolith. Scale bar = 2 mm. Adapted from Cohen & Winn (1967). (B) Representative example of time
course of effect of 5 mM dopamine (DA) on evoked response to 105 Hz tone at 130 dB. Response is
plotted as change in relative gain from baseline response before injection of DA. Solid blue line indicates
duration of iontophoretic DA injection (30 min). Black dotted line indicates time window required to collect
data for threshold tuning curves (20-30 min). Evoked response returns to baseline over a 2-hour period,
post injection. (C) Tuning curves from one individual showing thresholds at baseline (black), after injection
of 5 mM DA (blue) and ~1-hour post injection (green). Return to baseline seen in (B) and (C) likely due to
fluid turnover and DA clearance and breakdown mechanisms.
enzymes) and uptake by dopamine active transporter (DAT) are likely to further decrease the working
concentration around hair cells, producing an even steeper local concentration gradient (C. Nicholson,
1995). We estimate that for a 5 mM dose of dopamine, the effective concentration at hair cells will range
from 2.9 µM to 17.5 nM. These values are comparable to tonic levels of dopamine in the mammalian
nervous system, which have been reported to range from 3 µM to 2 nM (Atcherley, Wood, Parent,
Hashemi, & Heien, 2015; Borland & Michael, 2004; Chen & Budygin, 2007; Kulagina, Zigmond, &
Michael, 2001; Lindefors, Amberg, & Ungerstedt, 1989; Slaney, Mabrouk, Porter-Stransky, Aragona, &
Kennedy, 2013).
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Following injection of either dopamine, receptor drugs or vehicle (artificial endolymph) into one
saccule, evoked potentials were recorded in response to single tones. For fish treated with dopamine
agonists (N = 8), after the first agonist was tested, the opposite saccule was used to test the other
agonist. The sequence of agonists (SKF-38393 & quinpirole) was counterbalanced to control for order
effects and accounted for in the model. Because of the limited number of fish available due to difficulty of
procurement, both saccules were also used in a subset of fish in the winter (N = 6) to compare the effect
of dopamine and vehicle. As with agonist-treated summer fish, the order of treatment was
counterbalanced. Potentials were recorded with glass microelectrodes (3-6 MΩ) filled with 3 M KCl that
were positioned ~2.5 mm from the saccular epithelium within the medial/caudal region. A previous study
found no regional differences in dopaminergic innervation across the saccule (Perelmuter & Forlano,
2017). Potentials were amplified 100x (Getting 5A), band-pass filtered (130-3000 Hz, Stanford Research
Systems SR 650) and passed to a digital signal processing lock-in amplifier (Stanford Research Systems
SR830) and recorded to a computer. The lock-in amplifier DC output (RMS) is proportional to the
component of the signal whose frequency is exactly locked to the reference frequency, which was set to
the second harmonic of the stimulation frequency. This is because the maximum evoked potential from
the teleost saccule is a doubling of the stimulus frequency due to the nonlinear response of hair cell
populations with opposing polarities, which is characteristic of teleost fishes (Cohen & Winn, 1967;
Furukawa & Ishii, 1967; Rohmann & Bass, 2011; Sisneros, 2007). Noise at frequencies outside of the
reference are rejected by the lock-in amplifier and do not affect the potential recordings. Data acquisition
and stimulus timing were controlled by custom MATLAB scripts. Single tone 500 ms stimuli were
presented in repetitions of 8, at a rate of one every 1.5 s. Frequencies tested were 75, 105, 165, 205,
265, 305, 365 and 405 Hz across both seasons, and 505, 605, 705, 805, 905 and 1005 Hz for summer
fish, and were presented in random order. Background noise measurements were averaged from 8
recordings in the absence an auditory stimulus. To characterize threshold tuning curves, stimuli were
presented first at 130 dB re: 1 µPa, then in alternating ascending and descending increments of 3 dB,
from 88 to 154 dB (the dynamic range of our playback system). Stimulus intensity was calibrated at the
beginning of each experiment, using a hydrophone at the position of the fish’s ear. Threshold was
designated as the lowest stimulus level at each frequency that evoked a response greater than two
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standard deviations above the background noise measurement. Collection of tuning curves took 20-30
minutes. Measurements of evoked potentials and the resulting tuning curves represent the summed
activity of a large population of hair cells and likely reflect the overall impact of dopamine modulation on
transduction of auditory stimuli over a time scale of minutes to an hour. We cannot rule out transient
effects of dopamine signaling on transduction at the level of individual hair cells or over shorter time
courses.
qPCR
Immediately following completion of saccule potential recordings, fish were moved to an ice
block, saccular epithelia were rapidly dissected out, trimmed of connecting nerve in ice cold buffer,
transferred to RNAlater and incubated overnight at 4° C. Tissue was then stored at -80° C until use. RNA
was isolated from individual saccular epithelia (2 per animal) using a Quick-RNA MicroPrep kit (Zymo
Research). Tissue was pretreated with proteinase K (Zymo Research) and manually homogenized prior
to RNA purification, followed by DNase treatment (Zymo Research). RNA quality and quantity were
evaluated with a NanoDrop 2000 (Thermo Scientific). RNA from saccules for each individual was pooled
and first-strand cDNA was synthesized from 1.05 µg RNA using SuperScript III RT (Invitrogen).
Relative quantitative real-time PCR (comparative Ct method) was used to compare dopamine
receptor transcript expression between winter and summer using gene-specific primer pairs. Sequences
for midshipman dopamine receptor subtypes were identified by querying two saccule-specific
transcriptomes (Faber-Hammond et al., 2015; Fergus, Feng, & Bass, 2015). Identification of specific
receptor subtypes was achieved by aligning the sequences with published phylogenetic trees of D1-family
and D2-family vertebrate protein sequences (Yamamoto, Fontaine, Pasqualini, & Vernier, 2015) using
Geneious (10.1.3). Although zebrafish have 14 dopamine receptor subtypes (Yamamoto et al., 2015),
querying transcriptomes from hindbrain (Feng, Fergus, & Bass, 2015) and preoptic area (Tripp, Feng, &
Bass, 2018) midshipman tissue did not reveal additional dopamine receptor transcripts beyond the ones
we identified in the saccular transcriptomes. This suggests that midshipman may only possess genes for
7 dopamine receptor subtypes. Primers were designed using Geneious (10.1.3) and synthesized by
Sigma-Aldrich. All reactions, including no template controls, were run in triplicate on a StepOnePlus Real
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Time PCR systems (Applied Biosystems) using the sample maximization method (Hellemans, Mortier, De
Paepe, Speleman, & Vandesompele, 2007). Each well contained the following: 5µl 2x Power SYBR
Green PCR Master Mix (Applied Biosystems), 1 µl forward and reverse primer, 2 µl H2O, and 1µl cDNA.
Relative transcript levels were normalized using 18s rRNA, a transcript that has been shown not to vary
between seasons in the midshipman saccule (Fergus & Bass, 2013; Rohmann et al., 2013).
Statistical Analysis
All statistical analyses were performed in R (3.5.1) with assistance from the City University of
New York Quantitative Research Consulting Center. A p value < 0.05 was considered significant. Unless
indicated otherwise in figure caption, all error bars depict means with 95% confidence intervals. Plots
were generated with either R or Graphpad Prism (7.0a). Threshold data were fit with linear mixed models
implemented with the R package lme4 (Bates, Mächler, Bolker, & Walker, 2015). Separate models were
constructed to evaluate the effects of dopamine dose in the summer, drugs on thresholds, with frequency,
treatment condition and their interaction entered as fixed effects and subject as a random effect. A mixed
model was used to evaluate seasonal differences with frequency, treatment condition, season, and their
interaction entered as fixed effects and subject as a random effect. For models that included subjects
where both saccules were utilized (effect of agonists and effect of dopamine in winter), side was included
as a random effect nested within subject. Furthermore, any possible order effects were accounted for by
including order of treatment as fixed effect. The absence of thresholds greater than 405 Hz for many
summer females in the 5 mM dopamine, 50 mM dopamine and quinpirole groups was likely due to
thresholds being raised above the maximum sound level of our speaker by the treatment. One advantage
of linear mixed models over traditional repeated measures ANOVA is their ability to handle missing data
points from individual subjects without the need to discard all of a subject’s data, however, missing values
must be “missing-at-random” and not due to systemic influence (Nakagawa & Hauber, 2011). Missing
data at higher frequencies cannot be considered as “missing-at-random” and so we limited our models
from 75 to 405 Hz. To evaluate the effects of dopamine and receptor agonists on frequencies above 405
Hz, we used survival models to compare the reduction of responses as a function of both frequency and
treatment. We fit Cox mixed-effects models in R with the Coxme package. We fit separate survival
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models for dopamine dose and drugs, with highest frequency with an obtained threshold for each
individual as the outcome variable, treatment condition as a fixed effect and subject as a random effect.
Post-hoc pairwise comparisons for the effect of dopamine on thresholds in the winter were adjusted with
the Bonferroni correction. ANOVA was used to compare average threshold changes indcued by
dopamine dose and quinpirole and ANCOVA was used to compare average threshold changes induced
by dopamine in low versus high frequency ranges between summer and winter fish. Mann-Whitney U
tests with Bonferroni corrections were used to compare dopamine receptor subtype transcript expression
between summer and winter. To evaluate the relationship between D2a expression and thresholds, we
utilized linear mixed models with frequency and D2a expression as fixed effects and subject as a random
effect. Individual models were constructed within and across seasons. Statistical significance values for
all mixed models were determined using the lmerTest package in R (Kuznetsova, Brockhoff, &
Christensen, 2017), fitted used restricted maximum likelihood (REML) and Satterthwaite approximation
(Luke, 2017).

RESULTS
Dopamine Decreases Hair Cell Sensitivity in a Dose-Dependent Manner
When female midshipman fish are in reproductive condition, they exhibit robust phonotaxis to
both natural and synthesized playbacks of the male courtship vocalization (McKibben & Bass, 1998).
Because we were interested in the effect of dopamine on the ability of females to localize and assess
male courtship calls, we evaluated females collected from male nests in the summer, when they are in
reproductive condition, most likely to respond to males, and their peripheral auditory sensitivity is maximal
(Forlano et al., 2016). Because a reduction of dopaminergic input to the saccule was found in summer
females, we hypothesized that dopamine would produce an inhibitory effect on the sensitivity of saccular
hair cells. We recorded auditory evoked receptor potentials from populations of hair cells in the saccule to
evaluate the effect of iontophoretic injection of dopamine on hair cell sensitivity. Consistent with our
prediction, iontophoresis of dopamine resulted in a dose-dependent increase in auditory thresholds. Both
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5 mM (p < 0.0001) and 50 mM (p < 0.0001) doses of dopamine raised thresholds to pure tones ranging
from 75 to 405 Hz, compared to vehicle-injected controls (Figure 3.3A). In contrast, the effect of a 1 mM
dose of dopamine was not significantly different from vehicle (p = 0.1636). Since the effect of dopamine
was independent of frequency (all p-values > 0.05), we averaged the threshold change relative to controls
across frequencies for each dose. The 5 mM and 50 mM doses increased auditory thresholds on average
by 14.81 and 21.47 dB re 1 µPa respectively and were significantly different from one another and the 1
mM dose (Figure 3.3B; all p-values < 0.0001). The dose dependent decrement in hair cell sensitivity
induced by exogenous dopamine is consistent with a physiological effect mediated by receptors (see
Methods). Further support for a physiological effect is provided by fact that the change induced by 5 mM
and 50 mM dopamine in summer, reproductive females resulted in auditory thresholds that were similar to
previously published thresholds from unmanipulated winter, non-reproductive females (Figure 3.3C)
(Sisneros, 2009).
Although most previous midshipman studies evaluated auditory sensitivity between 75 and 425 Hz
(Bhandiwad et al., 2017; Rohmann & Bass, 2011; Rohmann et al., 2013; Sisneros & Bass, 2003;
Sisneros, Forlano, Deitcher, et al., 2004), the power spectrum of the male courtship call contains
significant harmonic peaks above 400 Hz. Thresholds are detectable up to 1,025 Hz in reproductive fish
(Alderks & Sisneros, 2011). We likewise obtained thresholds up to 1,025 Hz from a majority of fish in both
the control (90%) and 1mM dopamine (80%) conditions (Figure 3.3A,D). We were unable to obtain
thresholds above 705 Hz for fish treated with 5 mM dopamine or above 405 Hz for fish treated with 50
mM dopamine (Figure 3.3A,D). The proportion of evoked responses obtained at higher frequencies after
5 mM and 50 mM dopamine treatment was significantly different from controls (Figure 3.3D; p = 0.0031 &
0.0002), while the 1 mM dopamine condition was indistinguishable from control (p = 0.91). It is possible
that treatment with the higher doses of dopamine increased thresholds beyond the range we could test,
as our underwater speaker cannot reliably reproduce tones above 155 dB re 1 µPa. Playback
experiments evaluating female responses to male hums all employ stimulus intensities that range from
130-140 dB re 1 µPa measured at position of animal release, 86-109 cm from the speaker (Coffin et al.,
2014; Forlano et al., 2017; McKibben & Bass, 1998) and we have recorded male hums at the entrance of
nests as high as 153-161 dB re 1 µPa (unpublished observations). Saccular thresholds above 160 dB are
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Figure 3.3. Dopamine Decreases Hair Cell Sensitivity in Summer Females via a D2-like Receptor
Mechanism. (A) Threshold tuning curves of hair cells showing that the dopamine (DA) induced increase
in thresholds depends upon dose. Dotted vertical line indicates cutoff frequency above which the
incidence of supra-threshold responses was reduced, precluding threshold determination and inclusion of
higher frequencies in the statistical model. (B) The average change in threshold, relative to control, is
significantly higher in fish treated with 5 mM DA and 50 mM DA, as compared to 1 mM DA. Quinpirole, a
D2R agonist, induces a similar change as 5 mM DA. Because there was no difference in the effect
quinpirole dose, the 2.5 mM & 1 mM doses were combined. Different letters indicate statistically
significant differences. All p-values < 0.0001. (C) Summer fish treated with 5 mM and 50 mM DA have
thresholds that are similar to winter, non-reproductive fish. Seasonal thresholds replotted from (Sisneros,
2009). (D) Proportion of thresholds obtained is reduced at higher frequencies in fish treated with 5 mM
and 50 mM DA. (E) The D1-family agonist, SKF-38393, produces no threshold change. (F) The D2-family
agonist, quinpirole, increases thresholds. Both doses produce comparable effects. (G) Sulpiride, a D2family antagonist, blocks the change induced by 5mM DA. (H) The proportion of thresholds obtained is
reduced at higher frequencies in fish treated with 5 mM DA or quinpirole (both doses combined).
Asterisks indicate treatments that are significantly different from control. Asterisks indicate treatments that
are significantly different from control. *p < 0.01; **p < 0.001; ***p < 0.0001
unlikely to support detection and recognition of biological relevant stimuli. Thus, the shift of thresholds
above this cutoff in the higher dose dopamine groups has meaningful consequences for the organism,
namely a reduced ability to detect and process higher frequency information, especially as sound
pressure decreases by 6 dB with each doubling of distance from the sound source (A. H. Bass & Clark,
2003).
Dopamine Decreases Hair Cell Sensitivity via a D2-like Receptor
The effects of dopamine are mediated by both D1 (generally excitatory) and D2 (generally
inhibitory) receptor families (Beaulieu & Gainetdinov, 2011). We next sought to determine which receptor
family mediates the auditory threshold change induced by exogenous dopamine. Using the same
methods of drug delivery (iontophoresis) and evaluation of thresholds using population level auditory
evoked receptor potentials, we found that a broad D1-family agonist, SKF-38393 (1 mM), produced no
difference from control injections (Figure 3.3E; p = 0.6382). In contrast, a broad D2-family agonist,
quinpirole, increased thresholds, independent of frequency, at both 1 mM and 2.5 mM concentrations
(Figure 3.3F; main effects: p = 0.0055 & 0.0022, interaction effects: p = 0.2869 & 0.6369). There was no
difference in the effect of quinpirole dose (p = 0.2395). The average auditory threshold change induced by
quinpirole, irrespective of dose, was 11.3 dB re 1 µPa (Figure 3.3B). Co-applying 5 mM dopamine with a
D2-family antagonist, sulpiride (5 mM) blocked the inhibitory effect of the exogenous dopamine, yielding
no threshold differences from control fish (Figure 3.3G; p = 0.6104). Quinpirole and dopamine had similar
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effects on higher frequency sensitivity, with neither group showing thresholds above 705 Hz (Figure 3.3A,
B, F, H). Quinpirole and dopamine treated fish had reduced higher frequency thresholds that were
significantly different from controls (Figure 3.3H; p = 0.001 & 0.0028), while SKF-38393 and dopamineplus-sulpiride treated fish were indistinguishable from controls (Figure 3.3H; p = 0.52 & 0.23). These
results indicate that saccular hair cells likely express D2-like receptors.
Dopamine Decreases Hair Cell Sensitivity in Both Winter & Summer Females
To determine if dopamine affects auditory hair cell sensitivity similarly across reproductive states,
we evaluated thresholds after iontophoresis of 5 mM dopamine or vehicle in winter non-reproductive
female fish. As in summer reproductive females, exogenous dopamine increased thresholds (Figure
3.4A), however a model including both winter and summer fish showed a significant interaction between
season and treatment (p = 0.035). A model with only winter fish revealed a significant interaction between
frequency and treatment (p = 0.0075), so we performed post-hoc pairwise comparisons at each
frequency. Dopamine significantly increased auditory thresholds between 165 and 405 Hz (all p-values <
0.001), by 8.32 dB on average, relative to vehicle treated controls, but not at 75 and 105 Hz (Figure 3.4A,
3.4B). In summer fish, the same 5 mM dose of dopamine increased thresholds by an average of 14.63 dB
at 75 and 105 Hz and 14.88 dB between 165 and 405 Hz (Figure 3.4B). Although the general effect of
dopamine across seasons is reduced saccular hair cell sensitivity, these results suggest seasonal
changes in neuromodulator metabolism, receptor expression or downstream signaling mechanisms.
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Figure 3.4. Dopamine Decreases Hair Cell Sensitivity in Winter Females. (A) 5 mM dopamine (DA)
significantly increases saccular hair cell thresholds in both summer, reproductive and winter, nonreproductive fish. In winter, this effect is frequency dependent, occurring above 105 Hz. (B) Average
threshold changes induced by DA for low versus high frequencies in winter and summer fish. Different
letters indicate statistically significant differences, all p-values < 0.01.
Dopamine Receptor Subtype Expression in the Saccule
While mammals possess five dopamine receptor subtypes, teleost fishes may possess genes for
up to fourteen receptor subtypes as a consequence of genome duplication events (Yamamoto et al.,
2015). Utilizing transcriptomes of the midshipman saccule (Faber-Hammond et al., 2015; Fergus et al.,
2015), we identified transcripts for seven dopamine receptor subtypes. Due to the seasonal differences of
dopamine fiber innervation (Forlano, Ghahramani, et al., 2015) and the effects of dopamine on saccular
sensitivity, we hypothesized that dopamine receptor expression would be seasonally labile. We
performed quantitative real-time polymerase chain reaction (qPCR) with saccular epithelia from the same
summer and winter female fish used for receptor potential recordings and confirmed expression of all
seven receptor subtype transcripts. However, only the D2a receptor was differentially expressed, with
significant downregulation in summer reproductive fish (Figure 3.5A; p = 0.0022).
D2a Transcript Expression Correlates with Hair Cell Sensitivity
We next sought to determine if D2a receptor levels could, at least in part, account for baseline
hair cell sensitivity (Figure 3.5B,C). Across seasons, auditory thresholds were positively related to both
2

2

frequency (p < 0.0001, r = 0.79) and D2a transcript levels (p = 0.0007, r = 0.21), with no interaction
between frequency and transcript levels (p = 0.0719). D2a expression was also positively related to
2

2

thresholds within both summer (p = 0.0063, r = 0.18) and winter (p = 0.043, r = 0.16) fish, with no
interaction between frequency and transcript expression (summer, p = 0.2454; winter p = 0.727). These
results suggest that D2a receptor expression levels causally contribute to baseline auditory sensitivity,
2

although given the moderate r values, other factors are likely to play a role.
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Figure 3.5. Dopamine 2a Receptor Expression Varies with Season and Correlates with Thresholds.
(A) Normalized mRNA expression in saccules from winter and summer fish show that while there are 7
dopamine receptor subtypes, only the D2a receptor is differentially expressed (p = 0.0022). Thresholds
2
increase with greater D2a expression across seasons (p = 0.0007, r = 0.21), and within both summer (B,
2
2
p = 0.0063, r = 0.18) and winter (C, p = 0.043, r = 0.16). Normalized D2a expression levels for each
subject are indicated by numbers in key. Color-coding scheme reflects relative expression levels within a
season.

DISCUSSION
Mechanisms of Dopamine Inhibition of Hair Cell Sensitivity
D2 receptors could modulate hair cell membrane properties via calcium, potassium or
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (Beaulieu & Gainetdinov, 2011). In
support of such mechanisms, trout saccular hair cells express D2 receptors, downstream signaling
pathway components (Gαi proteins, adenylyl cyclases), voltage-gated calcium and HCN channels (Cho et
al., 2003; Drescher et al., 2010; Ramakrishnan et al., 2002). Intriguingly, large-conductance, calcium-
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activated potassium (BK) channels, known to be important for seasonal hair cell frequency tuning in
midshipman (Rohmann et al., 2013), mediate dopaminergic inhibition of nucleus accumbens neurons and
gated release of prolactin from lactotrophs in the pituitary (Ji & Martin, 2014; Tabak, Toporikova,
Freeman, & Bertram, 2007). It is tempting to speculate that BK channels in the midshipman saccule could
mediate the effects of dopamine we demonstrate here.
While we show mRNA expression of D1 receptor subtypes in saccular preparations, the lack of
an effect of the D1 agonist SKF-38393 on evoked receptor potentials suggests that rather than being
expressed in hair cells, these receptors may be localized to support cells, afferent or efferent fibers.
Dopamine receptors are localized to primary auditory afferent neurons in mammals (Inoue et al., 2006;
Maison et al., 2012; X. Niu & Canlon, 2006) and punctate dopamine fibers course through primary
afferent ganglia of midshipman saccule (Forlano et al., 2014) and larval zebrafish lateral line (HaehnelTaguchi et al., 2018). Ion exchange in cochlear support cells of the guinea pig stria vascularis is inhibited
by dopamine (Kanoh, 1995), suggesting the expression of receptors in these cells. An effect of dopamine
on cholinergic efferents cannot be ruled out, considering the close interplay of these neuromodulators in
the central nervous system (Acquas & Chiara, 2002). Larval zebrafish lateral line hair cells express D1Ab
receptors and the D1 agonist SKF-38393 increases evoked receptor potentials (Toro et al., 2015),
indicating that the absence of an effect of the D1 agonist in the midshipman saccule is not likely due to
drug specificity.
Although dopamine reduced saccular sensitivity in both summer and winter females, the auditory
threshold shift in the winter was smaller and frequency specific, only occurring above 105 Hz. Given that
dopamine fibers and D2a receptor expression is greater in the winter, one might expect the effect of
dopamine to be greater as well. However, since winter baseline thresholds are already dramatically
higher than summer, there may be an upper limit to how far sensitivity can be reduced by dopamine.
Alternatively, the greater effect of dopamine in summer animals could result from a seasonal reduction of
reuptake mechanisms and degradation enzymes. The specific effect of dopamine may also depend on
the number and type of ion channels expressed in hair cells, which vary seasonally (Fergus et al., 2015).
A BK channel-specific blocker has larger effects on saccular sensitivity at higher frequencies while a
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general potassium channel blocker has larger effects at lower frequencies (Rohmann et al., 2013).
Therefore, the frequency dependent effect of dopamine in the winter could result from selective
modulation of BK channels, which although are expressed at lower levels in the winter (Rohmann et al.,
2013), could be expressed at a higher ratio relative to other ion channels. Evoked potential thresholds
were higher when D2a expression was greatest, both within and across seasons. This suggests a direct
role for this receptor subtype in mediating the effects of dopamine and the seasonal changes to saccular
sensitivity.
Dopamine Contributes to Adaptive Seasonal Auditory Plasticity
Seasonal saccular plasticity is likely initiated by a pre-migration spike of circulating sex steroids
(Sisneros, Forlano, Knapp, & Bass, 2004) that is causally linked to improved frequency encoding by
eighth nerve saccular afferents (Sisneros, Forlano, Deitcher, et al., 2004). Enhanced frequency sensitivity
has been proposed to result from an increased density of hair cells (Coffin et al., 2012) and upregulation
of BK channels (Rohmann et al., 2013), both of which are correlated with seasonal changes in
reproductive state and steroid hormone levels. Additionally, a transcriptome study identified a suite of
candidate genes including several ion channels that are upregulated in summer males (Fergus et al.,
2015). The present study adds centrifugal dopaminergic input as a complementary mechanism for
sculpting seasonal frequency sensitivity. While our study focused on females, we do not expect a sex
difference given that males show similar seasonal changes in saccular sensitivity (Bhandiwad et al.,
2017; Rohmann & Bass, 2011). Further studies will be required to determine if the summer reduction of
dopamine fiber innervation (Forlano, Ghahramani, et al., 2015) and D2a receptor expression in the
saccule are under the regulation of steroid hormones.
Dopamine Modulation Across Timescales
Neuromodulators operate across multiple timescales varying by many orders of magnitude
(Nadim & Bucher, 2014; Schultz, 2007). Though we provide evidence linking peripheral dopamine to
seasonal shifts in auditory sensitivity, this does not preclude other acute functions for inner ear dopamine.
In midshipman, activity of dopaminergic neurons of the TPp (the source of dopamine to the saccule,
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Figure 1A) is enhanced in males by playbacks of male courtship calls (Ghahramani, Timothy, Varughese,
Sisneros, & Forlano, 2018; Petersen et al., 2013) and in females correlates with duration of phonotaxis
responses to simulated calls (Forlano et al., 2017). The TPp has widespread projections throughout the
central and peripheral nervous system (Forlano et al., 2014; Haehnel-Taguchi et al., 2018; Perelmuter &
Forlano, 2017; Tay et al., 2011), but if neurons specifically projecting to the saccule are tuned to
conspecific signals, transient dopaminergic inhibitory feedback to the inner ear could improve signaldetection in noise (Tomchik & Lu, 2006b) or enhance the contrast between binaural inputs, improving
sound source localization (Darrow, Maison, et al., 2006). Alternatively, dopaminergic inhibition could
serve as a locomotor corollary discharge mechanism, similar to the cholinergic efferent system, which is
engaged in males during calling (Chagnaud & Bass, 2013; Weeg, Land, & Bass, 2005). However, in
larval zebrafish, TPp neurons that project to the lateral line show weak anti-correlated activity with
swimming and are tuned to mechanosensory stimuli (Reinig, Driever, & Arrenberg, 2017), supporting a
role for dopamine as a peripheral sensory gain control mechanism.
Conclusion
Our results are the first demonstration of dopaminergic modulation of the peripheral auditory
system in a non-mammalian vertebrate. Prior studies of dopamine in the cochlea of rodents also show an
inhibitory effect, but largely focus on protection from noise-induced injury as the proposed function
(d’Aldin et al., 1995; Garrett et al., 2011; Maison et al., 2012; X. Niu & Canlon, 2006; Oestreicher et al.,
1997; Ruel et al., 2001; Sun & Salvi, 2001; Valdés-Baizabal et al., 2015), however this is just one
possible function of auditory efferent systems (Köppl, 2011; Robertson, 2009). Kirk and Smith (2003)
suggested that protection from acoustic trauma is unlikely to be an evolved function of auditory efferent
systems because the experimental stimuli required to induce damage have few analogs, in terms of both
intensity and duration, in the natural environment. While some natural sound sources, such as volcanic
eruptions or thunder, are of sufficient intensity, it has been argued that such extreme sound environments
are “rare and discontinuously distributed in time and space” (Smith & Keil, 2015) and therefore unlikely to
drive the common evolution of auditory efferent systems found in nearly all vertebrates (Köppl, 2011).
Although inner ear dopaminergic efferents may offer protection against anthropogenic noises, their
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function in natural contexts has remained poorly studied. Using a neuroethological model, we show that
seasonal changes to the dopaminergic efferent system provide a release of inhibition, contributing to
overall peripheral auditory plasticity in midshipman fish that adaptively enhances acoustic communication
during social reproductive behavior. The TPp is one of the most evolutionarily conserved dopamine nuclei
in vertebrates and is considered homologous to the A11 cell group in mammals (Tay et al., 2011;
Yamamoto & Vernier, 2011). Although projections to the inner ear have only, to our knowledge, been
investigated in fishes, A11 in mice has projections to auditory nuclei in the midbrain and hindbrain
(Nevue, Elde, Perkel, & Portfors, 2016; Nevue, Felix, & Portfors, 2016). Dopamine may similarly mediate
peripheral auditory plasticity in other seasonally breeding vocal species, including anurans (D. Zhang,
Cui, & Tang, 2012) and birds (Caras, Brenowitz, & Rubel, 2010; Gall, Salameh, & Lucas, 2013), and play
an important role in the peripheral encoding of social-acoustic signals across vertebrates.
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Chapter 4:
Exposure to Advertisement Calls Alters Dopamine Activity
in the Auditory Efferent System and Inner Ear of a Vocal Fish
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INTRODUCTION

Nearly all vertebrates possess centrifugal efferent systems impinging on hair cells in the inner
ear. The most well studied of these systems is a cholinergic hindbrain nucleus that projects to inner ear
hair cells and, where present, lateral line end organs (B. L. Roberts & Meredith, 1992). The many
proposed and debated functions of these systems include protection from noise trauma, reducing selfstimulation and improving signal detection in noise (Guinan, 2018; Liberman & Kujawa, 1999; Robertson,
2009). Mammals and fishes also possess dopaminergic projections to the inner ear about which
comparatively far less is known (Darrow, Simons, et al., 2006; Forlano et al., 2014; Haehnel-Taguchi et
al., 2018). Crucially, an understanding of the natural conditions in which these efferent systems are active
remains mostly incomplete (Köppl, 2011). The majority of studies in mammals focus on protection from
acoustic trauma; a function with dubious ethological relevance (Kirk & Smith, 2003; Robertson, 2009;
Smith & Keil, 2015) and more naturalistic studies are restricted to the cholinergic efferent system (Russell,
1971; Russell & Roberts, 1974; Tricas & Highstein, 1990, 1991).
The plainfin midshipman fish, Porichthys notatus, offers an opportunity to gain insight into the
function of auditory efferent systems, since the detection and evaluation of acoustic signals is central to
their life history. Males construct rocky nests in the intertidal zone during the summer breeding season.
They produce advertisement calls, referred to as “hums”, at night to attract females for mating
opportunities (A. H. Bass, 1996). Females likely depend on the sound to detect and locate males, and
display phonotaxis to natural and simulated male hums (Brantley & Bass, 1994; Ibara, Penny, Ebeling,
van Dykhuizen, & Cailliet, 1983b; McKibben & Bass, 1998).
Previous studies revealed that the cholinergic efferent system, in anamniotes referred to as the
octavolateralis efferent nucleus (OE), sends a corollary discharge signal to the inner ear during
midshipman advertisement call production (Chagnaud & Bass, 2013; Weeg et al., 2005). Dopaminergic
efferents in the inner ear originate in the diencephalic periventricular posterior tuberculum (TPp), which
also sends dopaminergic projections to the OE (Forlano et al., 2014; Perelmuter & Forlano, 2017). Work
in our lab has linked seasonal changes in dopaminergic tone in the saccule, the main end organ of
hearing in midshipman, and in the OE with peripheral auditory plasticity that improves a female’s ability to
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detect the male hum during the breeding season (Forlano, Ghahramani, et al., 2015; Perelmuter, Wilson,
Sisneros, & Forlano, 2019; Sisneros, 2009; Sisneros & Bass, 2003). Immediate early gene (IEG) studies
show TPp neurons are responsive to the male hum, suggesting dopamine release in the inner ear and
OE could likewise be gated by social acoustic signals (Forlano & Sisneros, 2016).
Tyrosine hydroxylase is the rate-limiting enzyme in catecholamine synthesis and must be
phosphorylated to become active (Fujisawa & Okuno, 2005; Kumer & Vrana, 1996). We used
immunohistochemical detection of phosphorylated TH (pTH) as a proxy to demonstrate dopamine
synthesis and release within the saccule and the OE in females exposed to playbacks of the male
advertisement call. Controls included both an ambient condition and exposure to a noise stimulus. We
show that measures of pTH are lower in fish that heard the advertisement call in the OE, the saccule and
the TPp, suggesting reduced direct and indirect dopaminergic inhibition of peripheral auditory sensitivity
and therefore greater sensitivity during exposure to conspecific acoustic signals.

Methods

Ethics Statement
All procedures were approved by the Institute of Animal Care and Use Committees of the
University of Washington and CUNY Brooklyn College and animals were collected with permit of the
Washington State Department of Fish and Game.

Subjects
Female fish (N=28) were collected during the breeding season from male nests in Brinnon, WA
and transported to the Friday Harbor Marine Lab on San Juan Island, WA where they were maintained in
o

flow-through salt water tanks at ambient temperatures (11-13 C) from 6 to 48 hours prior to experiments.
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Playback Experiment
An experimental arena (Figure 4.1A, 160 cm diameter, 90 cm height), constructed out of plastic
netting and coated rebar, was positioned in the center of an outdoor concrete tank (370 cm diameter, 80
cm height). A UW-30 underwater speaker (Telex Communications, Burnsville, MN, USA) was suspended
by bungee cords from a wooden beam over the center of the tank, 5 cm above the bottom. The tank was
filled to a height of 50 cm with the same flow-through salt water used to house the fish. A release cage
(30 cm diameter, 90 cm height) was placed at the interior wall of the arena, 80 cm from the speaker. The
release cage was elevated 5 cm off the floor of the arena, requiring the fish to exit from the bottom.
Sound stimuli were played via an Apple laptop with Audacity software. Stimuli were calibrated at the
beginning of each night using a hydrophone 2692, Bruel and Kjaer, Norcross, GA) and oscilloscope (TD21002, Tektronix, Beaverton, OR) such that the average peak-to-peak sound pressure at the release cage
was 130 dB re: 1µPa. This sound level has been shown to be suprathreshold in both physiology and
behavioral experiments (Brown, Zeng, & Sisneros, 2019; McKibben & Bass, 1999; Sisneros, 2007), is
consistent with numerous playback experiments (Forlano et al., 2017; Petersen et al., 2013) and is
comparable to sound pressure levels of male advertisement calls recorded in proximity to nest sites (A. H.
Bass & Clark, 2003; Vetter, Seeley, & Sisneros, 2019). Ambient sound level and water temperature were
recorded each session.
All fish were tested at night (22:00 – 03:00) and were first acclimated in 5-gallon buckets filled
with tank water for 15 minutes prior to placement in the release cage. Fish were exposed to one of the
following three playback conditions: hum, noise or ambient (Figure 4.1B). The hum group (n = 7) was
exposed to a 15-minute sound file consisting of pre-recorded advertisement calls from 7 males arranged
linearly. The individual calls were adjusted so that all calls had similar intensities (±2 dB) and fundamental
frequency (±2 Hz). Since both the hum fundamental frequency and female preference are influenced by
temperature (McKibben & Bass, 1998), sound files were pitch-adjusted so that the average fundamental
frequency of the calls matched the ambient water temperature. The noise group (n = 7) was exposed to a
2

15-minute sound file consisting of brown noise (70 Hz high-pass filtered, spectral density = 1/frequency ,
intensity decreases by 6 dB per octave increase), which has the similar frequency content to the hum,
with greater power at lower frequencies, but an absence of harmonic structure. The ambient group (n =
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12) was left in the tank for 15 minutes with no playback, exposed to the background noise in the tank
(112.83 ±3.26 dB re: 1 µPa). Fish were free to exit the release cage and swim around the entire arena
during the 15-minute playback. Fish movements were video recorded from above with a CCD security
camera and a DVR system. After the playback period ended, animals were removed from the arena,
placed in a covered 5-gallon bucket and, after a 30 min wait time, anesthetized in 0.025% benzocaine.
Following body measurements, fish were perfused with teleost Ringer’s solution followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.2). Brains and saccules were extracted, post-fixed
for 1 hour, then washed in PB. Ovaries were removed and weighed to confirm reproductive status.

Figure 4.1. Experimental setup and playback stimuli.
Still image from video recording of playback arena showing release cage and speaker (A).
Representative power spectra of stimuli used in the three playback conditions (B).
Immunohistochemistry
Saccular epithelia were dissected off the otolith and trimmed of extra-epithelial membrane.
Brains and saccules were cryoprotected for 24-48 hours in PB with 30% sucrose, then frozen in
embedding medium (Leica). Tissue was sectioned in the coronal plane (20 µm) and collected in 3 series
onto positively charged slides. The fluorescence immunohistochemistry protocol was similar to previous
studies (Ghahramani et al., 2018; Mohr, Chang, Bhandiwad, Forlano, & Sisneros, 2018; Petersen et al.,
2013). Briefly, slides were washed in 0.1 M phosphate-buffered saline (PBS), incubated for 1 hour in
blocking solution (PBS, 5% normal donkey serum and 0.3% Triton X-100), then incubated for 18 hours at
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room temperature in blocking solution with the following antibodies: rabbit anti-pTH (1:500, GTX16557,
lot #821801503, Genetex) and mouse anti-TH (1:1000, MAB318, lot #2950738, Millipore-Sigma). For
slides from the brain containing the OE, goat anti-ChAT was included (1:200, AB144P, lot #2780618,
Millipore-Sigma). Slides were washed in PBS + 0.5% donkey serum, then incubated for 2 hours at room
temperature in blocking solution with the following fluorescent antibodies: anti-rabbit Alexa Fluor 568,
anti-mouse Alexa Fluor 488 and for slides with the OE, anti-goat Alexa Fluor 680 (all dilutions 1:200,
ThermoFisher). Slides were washed in PBS and coverslipped with Prolong Gold with DAPI nuclear stain
(Life Technologies).

Image acquisition and analysis: OE and TPp
All imaging and analyses were conducted by individuals blind to playback condition. Brain tissue
was imaged on an Olympus BX61 epifluorescence compound microscope with MetaMorph image-capture
software (Molecular Devices, Sunnyvale, CA) using a 20x objective at a constant exposure setting.
Micrographs of the full bilateral extent of TPp and OE were collected from 1 series of slides. Each image
was comprised of 3-4 filter channels (TexasRed for pTH, GFP for TH, Cy5 for ChAT and DAPI for
cytoarchitecture) and a 6 µm z-stack using a 1 µm step size. Z-stacks were combined into a single
projected image using ImageJ. All image analyses were conducted using custom ImageJ macros
(Timothy & Forlano, 2019). The OE nucleus and its laterally projecting dendrites were traced separately
using the ChAT-ir (immuno-reactive) signal. Thresholds for pTH-ir and TH-ir were set individually for each
image to separate signal from background. Thresholded pTH-ir and TH-ir signals were measured as
percent area (total signal area / total traced region of ChAT signal) and average signal intensity (sum of
pixel grey values / total pixel area). In the TPp, all TH-ir cells were counted and given a unique number,
and 40 cells were then randomly selected and traced per animal. The pTH-ir signal intensity within these
traced somata was measured as average signal intensity.
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Image acquisition and analysis: saccule
Slides with saccular tissue were imaged on a Nikon D-Eclipse C1 confocal microscope and EZC1 software (Nikon, Tokyo, Japan), using a 60x oil-immersion objective with 2x digital zoom at a
resolution of 1024 x 1024 pixels. Micrographs were acquired from 8 sections, sampled every 10 sections,
with a 7 µm z-stack and 0.25 µm step size. Z-stacks were combined into a single projected image using
ImageJ. The saccular epithelium tissue border was traced in each image using the background signal,
and pTH-ir and TH-ir signals were thresholded as above. Puncta were identified as described previously
(Forlano, Ghahramani, et al., 2015). We used custom ImageJ macros (Timothy & Forlano, 2019) to
separate puncta from fibers of passage using size (4-150 pixels) and shape (circularity of ≥ 0.6) filters.
Number, average area and average intensity of puncta for both signals were measured.

Video Analysis
Video recordings of animal movements were annotated by an observer blind to playback
condition. The start time (release of animal into arena) was noted, as well as start/stop times of animal
movements, position within the arena and qualitative notes on swim speed. Time spent swimming was
calculated as the percentage of time engaged in movement divided by the total time in arena during the
playback (15 minutes).

Statistics
Statistical analyses were conducted with either R (3.5.1) or GraphPad Prism (7.0a). A p-value of
< .05 was considered significant. pTH-ir area fraction and average intensity were averaged for each
animal in the OE and compared between playback groups using two-way ANOVAs, with region as a
within-subjects factor (somata and dendrites) and playback condition as a between-subjects factor. For
the saccule, number, average area and average intensity of pTH-ir and TH-ir puncta were compared
between playback condition using one-way ANOVA. Tukey’s multiple comparison tests were used if the
omnibus test was significant. pTH-ir average intensity in TH-ir TPp cells was compared between groups
using a linear mixed-model with playback condition as a fixed effect and cell nested within subject as a
random effect. Because differences in pTH could be attributable to differences in TH, the same analyses
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were also carried out on TH-ir signal. To control for the potential effects of movement on our
measurements, the percent of time engaged in swimming was compared between groups with one-way
ANOVA and correlation matrices computed with the pTH intensity measurements. Standard length (SL),
weight, gonadosomatic index (GSI) and ambient water temperature were all compared between groups
with one-way ANOVA to rule out any possible confounds. All plots were generated using Graphpad
Prism. Error bars reflect standard error of the mean unless otherwise noted in the figure captions.

RESULTS
There were no statistically significant differences in standard length (SL), body mass (BM) or
gonadosomatic index (GSI) between playback groups (Table 4.1). Ambient water temperature (12 ± .63

o

C) and background noise (113.08 ± 3.29 dB re: 1µ Pa) in the tank during experiments did not statistically
differ between groups.

Table 4.1. Summary statistics for morphometric data.
Parameter

Noise

Hum

Ambient

Standard length (cm)

14.96 ± .73

15.96 ± 1.47

15.18 ± 2.02

Body mass (g)

40.04 ± 20.12

47.53 ± 11.72

41.54 ± 7.99

GSI (%)

11.65 ± 10.83

15.67 ± 7.8

18.8 7± 7.73

Data are presented as mean ± standard deviation.

The average area fraction of pTH fibers in the OE did not differ between playback groups (F(2,20)
= 0.4, p = .674), however there was an overall effect of playback on pTH intensity (F(2,20) = 5.18, p
= .015). Tukey’s post-hoc tests revealed that pTH intensity was lower in the hum group (90.9 ±9.19) as
compared to the noise (113.96 ±13.21, p = .036, d = 2.19) and ambient (114.68 ±21.29, p = .021, d =
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1.48) group (Figure 4.2). There was no effect of playback condition on TH intensity (F(2,17) = 0.26, p
= .771) indicating that differences in pTH intensity are independent of available TH.

Figure 4.2. Hum decreases pTH intensity in the octavolateralis efferent nucleus (OE).
Representative micrographs showing the somata (ChAT-ir, green) of the OE surrounded by pTH fibers
(magenta) from noise (A), hum (B) and ambient (C) playback conditions. Scale bar = 25 µm. The
percentage of ChAT-ir covered by pTH-ir fibers (D) and the average pixel intensity of pTH-ir fibers in the
OE (E).
There was also an overall effect of playback on pTH intensity in the TPp (F(2, 20.95) = 3.71, p
= .042). Post-hoc tests showed that pTH intensity was lower in the hum group (83.96 ±15.62) as
compared to the noise (100.27 ±13.4, p = .021, d = 1.21) and ambient (98.23 ±12.97, p = .034, d = 1.08)
groups (Figure 4.3).
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Figure 4.3. Hum decreases pTH intensity in the periventricular posterior tuberculum (TPp).
Representative micrographs from the TPp in noise (A), hum (B) and ambient (C) playback conditions.
Dopaminergic cells and fibers labeled with TH (green). pTH-ir signal intensity (magenta) varies by
playback condition. Arrowheads indicate cells with high pTH intensity. Scale bar = 25 µm. Average pixel
intensity of pTH in randomly selected TH-ir cells (n = 40 per subject) in the TPp (D).
In the saccule, there was an overall effect of playback condition on average pTH-ir punctum area
(F(2,18) = 3.7, p = .045). Post-hoc tests revealed that the hum group had significantly lower puncta area
(0.084 ± 0.0145) than the ambient group (0.108 ± 0.0088, p = .037, d = 2.14). There was no effect of
playback on either the number of pTH-ir puncta (F(2,18) = 0.23, p = .797) or average pixel intensity per
puncta (F(2,18) = 0.12, p = .885) (Figure 4.4). Importantly, there was no effect of playback condition on
TH-ir puncta area (F(2,18) = 1.71, p = .21), indicating that, similar to the OE, the effect of playback stimuli
on pTH-ir puncta size is not a result of differences in available TH.
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Figure 4.4. Hum decreases size of pTH puncta in the saccular epithelium.
Micrographs from the saccule in noise (A), hum (B) and ambient (C) playback conditions. Hair cell nuclei
(HC) are evident by the absence of background signal. Arrowheads indicate representative pTH puncta
around the basal end hair cells. Scale bar = 20 µm. pTH puncta (magenta) are on average smaller in the
hum group versus the ambient control group (D). No differences were found in puncta number (E) or pTH
intensity (F).
A long-standing hypothesis for the function of octavolateralis efferents is reduction of selfstimulation during self-generated movements (Chagnaud & Bass, 2013; Köppl, 2011; Russell & Roberts,
1974; Weeg et al., 2005) and there is some evidence for correlations between firing of dopaminergic TPp
neurons and motor activity (Jay et al., 2015). We therefore analyzed fish swimming during the playback
experiments to control for the effect of movement on our pTH measurements. Only 3 fish remained in the
release cage for the duration of the experiment (1 in the ambient condition and 2 in the noise condition).
The remaining fish swam slowly along the perimeter of the experimental arena where the intensity of the
sound field was 125-131 dB re: 1µPa. Fish spent an average of 6.47 ±4.45 minutes swimming. There
were no statistically significant differences in time spent swimming between treatment groups (F(2,25) =
2.09, p =.145). Most importantly, time spent swimming did not correlate with any of the pTH
measurements in OE, TPp and the saccule (Table 4.2).
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Table 4.2. Correlations between movement and pTH measurements.
Region - Parameter

r

p

OE - % pTH Area

-.22

.372

OE - pTH Intensity

-.31

.191

TPp - pTH Intensity

-.39

.101

SE – pTH Area/Punctum

-.04

.878

SE – pTH Punta/Section

.02

.938

SE – pTH Area/Punctum

-.21

.396

n = 18-19

DISCUSSION

We have previously shown that the activity of dopamine neurons, as measured with immediate
early genes (IEG), is sensitive to conspecific social acoustic signals. Dopaminergic periventricular
posterior tuberculum (TPp) neurons show elevated activity in males exposed to advertisement calls of
other males (Ghahramani et al., 2018; Petersen et al., 2013) and activity increases in TPp neurons the
longer females attend and respond to a simulated advertisement call (Forlano et al., 2017). We extend
these findings by utilizing immunohistochemical detection of phosphorylated tyrosine hydroxylase (pTH)
to assess the effect of hearing conspecific signals on the activity of dopamine within auditory circuitry with
confirmed innervation from the TPp (Forlano et al., 2014; Perelmuter & Forlano, 2017).
Release and depletion of catecholamines (i.e. dopamine, noradrenaline) results in synthesis via
activation of TH, which is regulated over short time scales (minutes to hours) by phosphorylation.
Therefore, the amount of detectable pTH can be used as a proxy for rapid changes in synthesis and
release of dopamine and other catecholamines (Dunkley & Dickson, 2019; Fujisawa & Okuno, 2005;
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Wakade, Wakade, & Malhotra, 1988). This approach has been employed to study changes in dopamine
signaling resulting from electrical and pharmacological stimulation of dopamine neurons in rats
(Salvatore, Garcia-Espana, Goldstein, Deutch, & Haycock, 2000), different patterns of maternal behavior
in mice (Gammie et al., 2008) and acute estradiol injections (Heimovics, Prior, Maddison, & Soma, 2012)
and exposure to courtship sounds in songbirds (Matragrano et al., 2012; Riters, Olesen, & Auger, 2007).
Although this is to our knowledge the first application of pTH antibodies to measure catecholamine activity
in a fish, the regulatory mechanisms of TH and dopamine synthesis are highly conserved in vertebrates
(Yamamoto & Vernier, 2011), with homologous phosphorylation sites on the TH enzyme confirmed
between mammals, birds and fishes (Boularand et al., 1998; Semenova, Chen, Zhao, Rauvala, & Panula,
2014; Yamamoto, Ruuskanen, Wullimann, & Vernier, 2010).
Exposure to the male advertisement call reduced pTH intensity in the octavolateralis efferent
nucleus (OE) and the TPp, relative to ambient and noise controls. Exposure to the call was also
associated with reduced pTH puncta size in the saccule compared to the ambient control. We interpret
these changes in our pTH measurements as a reduction in dopamine release and consequent synthesis.
Since reduced dopamine activity in the OE was not observed in noise controls, the reduction is not a
result of general sound exposure; rather it is specific to the advertisement call, which has significant
importance to females during the breeding season. The OE sends direct cholinergic projections to the
saccule which synapse onto hair cells (A. H. Bass et al., 1994; Forlano et al., 2014; Perelmuter & Forlano,
2017), producing an inhibitory effect on both receptor potentials and the firing of primary auditory
afferents (Furukawa, 1981; Steinacker & Rojas, 1988). Cholinergic efferents also disrupt the electrical
resonance of hair cells in frogs and turtles (Art, Crawford, Fettiplace, & Fuchs, 1985; Castellano-Muñoz,
Israel, & Hudspeth, 2010) and hair cell resonance is likely important for the encoding of upper harmonics
of the advertisement call (Rohmann et al., 2013). Considering these effects, we propose that dopamine
has an excitatory influence on OE neurons. The observed reduction in pTH would therefore reduce
cholinergic inhibition of the saccule, improving the peripheral processing of the advertisement call, which
could enhance a female’s ability to localize and evaluate potential mates. The confirmation of this
hypothesis will require analysis of dopamine receptor expression and pharmacological manipulations of
OE neurons.
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It is not surprising that the TPp also shows the same relationship of pTH intensity to playback
condition since it is the only catecholaminergic cell group in midshipman projecting to the OE (Perelmuter
& Forlano, 2017). This finding corroborates anatomical connectivity on a functional level. Dopaminergic
TPp neurons appear to discriminate advertisement hums from ambient and brown noise, conveying this
discriminatory signal to the OE. Although auditory inputs to TPp dopaminergic neurons have not been
elucidated, this area is reciprocally connected with the periaqueductal gray (PAG), which is itself
reciprocally connected to the torus semicircularis (TS) and central posterior nucleus of the thalamus (CP),
midbrain and forebrain auditory nuclei, respectively (A. H. Bass et al., 2000; Goodson & Bass, 2002;
Kittelberger & Bass, 2013). Both nuclei show selective IEG responses to advertisement calls versus
ambient noise, while CP further distinguishes conspecific advertisement calls from the heterospecific calls
of sympatric species (Mohr et al., 2018; Petersen et al., 2013). The TPp could therefore receive selective
auditory information indirectly from TS and CP. The TPp has confirmed projections to the OE and saccule
in midshipman, but TH-ir fiber tracks suggest extensive connectivity with auditory and vocal-motor nuclei
(Forlano et al., 2014). In larval zebrafish, individual TPp neurons have widespread ascending and
descending projections (Jay et al., 2015; Tay et al., 2011) and subgroups of neurons are synchronously
active (Reinig et al., 2017). Synchronous dopamine release from TPp neurons across multiple levels of
the auditory system could coordinate information processing, as suggested for other monoaminergic
nuclei such as the noradrenergic locus coeruleus (Waterhouse & Navarra, 2019).
In the saccule, pTH puncta area was reduced in hum exposed fish as compared to ambient
controls, suggesting coordinated reduction of dopamine release in both the saccule and OE in response
to the hum. Dopamine increases auditory thresholds in the saccule (Perelmuter et al., 2019), so reduced
dopamine release while hearing the hum would improve peripheral sensitivity to the social acoustic
signal. Interestingly, unlike in the OE and TPp, noise controls were not statistically different from
advertisement hum or ambient control, with an average intermediate value between the other two
conditions. Local factors in the saccule, such as dopamine turnover, reuptake and autoreceptor feedback
may differ from those in the OE. It is also worth noting that the amount of pTH signal in the saccule is low
relative to the amount of TH signal across all conditions. Since both TH fiber innervation and dopamine
receptor 2a receptor expression are lower in saccules of summer females, this observation suggests that
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baseline dopamine activity in the saccule is likewise lower in the summer (Forlano, Ghahramani, et al.,
2015; Perelmuter et al., 2019). It would be interesting to measure pTH in the saccules of winter females,
both under ambient and sound exposure conditions.
Our previous IEG studies in midshipman all show a relationship between hearing or responding to
acoustic conspecific signals and an increase in cFOS induction in dopaminergic TPp neurons (Forlano et
al., 2017; Ghahramani et al., 2018; Petersen et al., 2013). This implies dopamine release increases in
response to the hum, in contrast to the reduction of pTH we observe in the present study. As discussed
above, TPp neurons appear to have widespread projections throughout the nervous system, including to
the ventral forebrain (Rink & Wullimann, 2001). TPp neurons activated by male hums in our previous IEG
experiments are not necessarily the ones projecting to the OE and saccule. As we only assessed pTH
levels at one point in time (30 minutes following cessation of the 15-minute stimulus period), we cannot
rule out an alternative interpretation of our results. Lower pTH intensity and puncta area may reflect
subsequent dephosphorylation of pTH resulting from feedback control of TH activity following an earlier
increase in dopamine release and synthesis in response to the hum. We favor our interpretation due to
the fact that the specific phosphorylation site our antibody targets (Ser-40) is associated with both rapid
activation of TH and generally prolonged phosphorylation (Dunkley & Dickson, 2019). For example,
changes in pTH were observed 30 minutes following exposure to conspecifics in songbirds (Ellis & Riters,
2013) and 30-60 minutes after induction of acute hypotension in rats (Damanhuri et al., 2012).
Nonetheless, further interpretation of our present results would benefit from time-series analysis of pTH in
response to auditory stimulation or the use of real-time measures of dopamine release or metabolism
such as microdialysis, fast-scan voltammetry or fluorescent false neurotransmitters (Jones, McCutcheon,
Young, & Norton, 2015; Puppala, Maaswinkel, Mason, Legan, & Li, 2004; Rodriguez et al., 2013). It is
also worth noting that the firing of dopamine neurons does not always correlate with dopamine release
and local dopamine release dynamics can carry different or additional information not evident in
dopamine neuron firing patterns (Ferris et al., 2014; Mohebi et al., 2019; Trulson, 1985).
Dopaminergic modulation is typically studied in the context of reward learning and motivation in
the central nervous system (Berridge, 2007; Schultz, 2015). It has been proposed that dopamine and
other monoamines selectively modulate auditory processing in response to socially relevant stimuli
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(Maney, 2013; Petersen & Hurley, 2017). There is some evidence for this in songbirds where pTH and
dopamine metabolites measured with high performance liquid chromatography (HPLC) are altered after
playback of song to females (Matragrano et al., 2012), however a more recent study found that HPLC
measurements of dopamine activity, though different in silent controls, was indistinguishable in birds that
heard either song or behaviorally irrelevant tones (Rodríguez-Saltos, Lyons, Sockman, & Maney, 2018).
Furthermore, these studies focused on midbrain and forebrain auditory regions, disregarding the
hindbrain and inner ear. The only studies showing dopamine synthesis and release in the inner ear, all in
rodents, use noise or tone stimuli lacking social salience (P. Gil-Loyzaga et al., 1993; Xianzhi Niu &
Canlon, 2002). We show here that dopamine synthesis and release in the inner ear and cholinergic
auditory efferent hindbrain is altered by exposure to social acoustic signals. The present work suggests
dopaminergic modulation at the earliest stages of auditory processing, which may be a mechanism for
filtering sensory information across vertebrates.
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Chapter 5: Seasonal Plasticity of Dopaminergic Ultrastructure
in the Inner Ear and Auditory Efferent System of a Vocal Fish
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INTRODUCTION

A fundamental goal in neuroscience is to understand how structural plasticity in the nervous
system relates to behavior. This is perhaps most intensively studied in the context of learning and
memory, where experience alters the synaptic connectivity between neurons (Bailey, Kandel, & Harris,
2015). Structural plasticity also occurs in a variety of other contexts, such as in conjunction with
reproductive and circadian cycles (Bosler, Girardet, Franc, Becquet, & François-Bellan, 2015; Woolley &
McEwen, 1992). Seasonally breeding animals often undergo dramatic changes in both environment and
behavior patterns, along with accompanying changes to nervous system physiology and anatomy. This
allows the powerful inference of causal relationships between nervous system changes and well defined
behaviors (Ball, Riters, & Balthazart, 2002; Brenowitz, 2004; Forlano, Sisneros, et al., 2015).
The plainfin midshipman, Porichthys notatus, is a particularly well studied vertebrate in this
regard, as it migrates from a benthic marine environment in the winter to intertidal zones in the late spring
and summer to breed. Males create rocky nests and produce long-duration advertisement calls to attract
females for mating opportunities. Females in reproductive condition are highly attracted to the male call,
which they use at night to locate males and their nests (A. H. Bass, 1996). Both males and females
experience an increase in inner ear auditory sensitivity, particularly within the range of the harmonics of
the male call (Bhandiwad et al., 2017; Rohmann & Bass, 2011; Sisneros, 2009; Sisneros & Bass, 2003;
Sisneros, Forlano, Deitcher, et al., 2004). This likely improves the ability of both sexes to detect and
evaluate conspecific advertisement calls, as the relatively higher frequencies of the call harmonics
propagate farther than the lower fundamental frequency in the shallow waters of the intertidal zone (A. H.
Bass & Clark, 2003). Molecular and structural changes within the inner ear appear to support this
seasonal shift in peripheral auditory sensitivity (Coffin et al., 2012; Fergus et al., 2015; Rohmann et al.,
2013), but recent work suggests that dopaminergic innervation from the central nervous system also
contributes to the shift.
Forebrain dopamine neurons project to the saccule, which is the main auditory endorgan in
midshipman (Cohen & Winn, 1967; Forlano et al., 2014). The nucleus of dopamine neurons also send
projections to the cholinergic octavolateralis efferent nucleus (OE) in the hindbrain, which itself projects to
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the saccule (A. H. Bass et al., 1994; Perelmuter & Forlano, 2017). Importantly, using fluorescence
microscopy, we found seasonal, reproductive-state dependent changes to this innervation. In
reproductive summer females, dopaminergic innervation is greater in the OE and reduced in the saccule,
as compared to winter, non-reproductive females (Forlano, Ghahramani, et al., 2015). Dopamine receptor
expression in the saccule is also lower in summer females (Perelmuter et al., 2019). These data suggest
that the auditory plasticity in midshipman is related to structural plasticity of the dopaminergic system.
While light microscopic techniques are used extensively to study structural plasticity, these
approaches may miss important ultrastructure details evident with electron microscopy (Mishchenko et
al., 2010). Only a handful of studies have looked at the ultrastructure of dopamine in the inner ear, all of
which are descriptive (d’Aldin et al., 1995; Eybalin et al., 1993; Perelmuter & Forlano, 2017). We
previously used electron microscopy to characterize the ultrastructure of dopaminergic innervation in the
saccule and OE of midshipman (Perelmuter & Forlano, 2017). We found that dopamine terminals
synapse onto OE neuronal somata and dendrites, but also form indirect, axo-axonic contacts onto
unlabeled buttons. In contrast, dopamine terminals in the saccule do not appear to form synapses and
are found near hair cells, the sensory receptors of the inner ear, as well as near afferent and efferent
process, and support cells. In the present work we extend these findings by quantitatively comparing the
ultrastructure of dopaminergic innervation in the saccule and OE between summer, reproductive and
winter, non-reproductive females. We report here that confirmed dopamine terminals in the saccule are
fewer in number and smaller in volume in summer versus winter females. We also observe for the first
time, direct contacts on hair cells. These are also less common in summer females. In the OE, we report
a trend for greater dopamine terminals in summer females. These findings confirm our previous light
microscopy study and support an important role for dopamine in regulating adaptive peripheral auditory
sensitivity to social acoustic signals.
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METHODS

Ethics Statement
All procedures were approved by the Institute of Animal Care and Use Committees of the
University of Washington, University of California Davis and City University of New York Brooklyn
College. Animals were collected with permits from the Washington State and California State
Departments of Fish and Game.

Animals
Non-reproductive female midshipman (n = 6) were collected in the winter by otter trawl in the
Puget Sound, WA. Reproductive females (n = 6) were collected by hand from intertidal nest sites in
Tomales Bay, CA and Brinnon, WA during their summer breeding season. Animals were transported to
either Friday Harbor Marine Lab in San Juan, WA or Brooklyn College where they were housed in
artificial aquaria and sacrificed within 7 days of collection. Previous studies have shown that midshipman
auditory physiology is stable for at least 15 days after captivity (Sisneros & Bass, 2003).

Tissue collection
Preparation of tissue for immuno-electron microscopy followed methods established previously
(Perelmuter & Forlano, 2017). Fish were anesthetized in 0.025% benzocaine (Sigma Chemicals, St Louis,
MO), transcardially perfused with teleost’s ringers, followed by ice cold fixative containing 1.5%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.2). Brains and saccules
o

were dissected out and post-fixed for one hour, then stored in 0.1 M PB with 0.3% sodium azide at 4 C.
Reproductive status was confirmed by weighing gonads and calculating a gonadosomatic index (GSI,
ratio of gonad weight to body weight). Prior to storage, saccular epithelia were dissected off the otolith
and most of the extra-epithelial membrane was trimmed away. Brains were incubated in 30% sucrose in
PB for 24 to 48 hours, then sectioned in the transverse (brains) plane on a Leica CM1850 cryostat
(Nussloch, Germany) at 60 µm and collected in well plates containing 0.1 M PB.
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Immunohistochemistry
Free floating whole saccules and 60 µm sections from the brain containing the OE were washed
2x 10 min in 0.1 M PBS and then blocked in 0.1 M PBS + 5% normal donkey serum + 0.3% dimethyl
sulfoxide (DMSO, Sigma Chemicals) for 1 hour. Mouse anti-TH (Millipore, #MAB318, RRID:
AB_2201528) was diluted in blocking solution (1:1,000) and all tissue was incubated in sealed glass vials
o

for 48 hours on rotator at 4 C. After primary incubation, the tissue was washed 6x 10 min in PBS + 0.5%
donkey serum (PBS-DS). Secondary biotinylated anti-mouse antibody (Vector Labs, Burlingame, CA,
USA) was diluted (1:200) in blocking solution and tissue was incubated for 2 hours. Tissue was washed
6x 10 min in PBS + 0.5% donkey serum (PBS-DS) and incubated for 1 hour in Vectastain ABC solution
(Vector Labs) diluted (1:200) in PBS-DS. Tissue was washed 6x 10 min in 0.1 M PB and then processed
with a 3-3’-diaminobenzidine (DAB) peroxidase kit (Vector Labs) for 2-6 min to visualize labeling and
provide a substrate for osmification. Tissue was washed 4x 10 min in 0.1 M PB, followed by 3x 5 min in
0.1 M cacodylate buffer (CB), then stained with reduced osmium tetroxide (1.5% potassium ferrocyanide
+ 1”% osmium tetroxide in 0.1 M CB) for 45 min, followed by 1% osmium tetroxide in 0.1 M CB for 45 min.
Following washes of 3x 10 min each in 0.1 M CB and double-distilled water (ddH2O), tissue was then
dehydrated in a graded series of ethanol (15, 35, 50, 70, 95, 100%), infiltrated and flat-embedded in epon
resin (Ted Pella, Redding, CA).

Electron Microscopy: Sectioning and Imaging
A medial section (~1.5 mm) was cut from each saccule and re-embedded in coffin molds with the
longitudinal axes of hair cells oriented parallel to the block face. Coronal hindbrain sections containing the
OE were mounted on top of coffin molds with the dorso-ventral axis parallel to the block face. Semithin
sections (500 nm) from resin blocks were acquired with a Leica EM UC6 ultramicrotome, visualized with
methylene blue and examined under a light microscope. These reference sections were used as guides
to trim blocks down to specific regions of interest. For the saccule, as much of the surrounding plastic as
possible was trimmed away. For the OE, blocks were trimmed down to include the nucleus and at least
one hemisphere of the proximal dendrites. Ultrathin serial sections (60 nm) were collected onto 1%
pioloform coated copper slot grids, then counterstained with 3% uranyl acetate (10 min) and Reynold’s
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lead citrate (8 min). A few additional semithin sections (200 nm) were taken before and after ultrathin
sectioning to serve as reference sections for electron microscopy (EM). Grids were imaged at 80 kV with
a FEI Morgagni 268 transmission electron microscope (Hillsboro, Oregon, USA) equipped with a CCD
camera and micrographs were acquired using AMT image capture software (Advanced Microscopy
Techniques, Woburn, MA).
Methods for quantitative EM imaging were adapted from previous studies (Forlano & Woolley,
2010; May, Tabatadze, Czech, & Woolley, 2014). For each animal, 1 grid containing serial sections (9-23)
from the saccule was imaged at low magnification (560x) to create a montage of the first section on the
grid. Using ImageJ, a region of interest (ROI) was traced to include the area between the basal
membrane and the nuclei of the hair cells. Dopamine terminals and other synapses on hair cells are
2

restricted within this region (Perelmuter & Forlano, 2017). A 100 µm grid of points was overlaid on this
ROI and 5 points were randomly selected for higher magnification imaging and analysis. For each
selected point, an image stack was acquired consisting of a montage of 4 images (8900x, composite
2

area: 223.2 µm ) at the same position across all sections on the grid. For the OE,1 grid containing serial
sections (5-10) was randomly selected for each animal. Using a light micrograph of the corresponding
semithin section, OE somata were numbered and the proximal dendritic field from one hemisphere was
2

traced and overlaid with a 200 µm grid of points. 4 OE somata and 2 points within the dendritic field were
random systematically selected for imaging. Somata were imaged across serial sections at a medium
2

magnification (2800x, 576 µm ). Any TH-ir positive profiles that were within 3.35 µm (radius of 11000x
field of view) from the soma membrane were imaged throughout the series at higher magnification
2

2

(11000x, 40 µm ). Areas within the dendritic field were imaged at 5600x (144 µm ) and all TH-ir positive
profiles were imaged at 11000x throughout the series.

Image processing and analysis
Image stacks were aligned and objects of interest were manually traced in each image layer
using TrakEM2 (Cardona et al., 2012). For the saccule, hair cells and dopamine release sites were
traced. Hair cells are easily identified based on size and the presence of at least one afferent or efferent
synapse (Perelmuter & Forlano, 2017). TH-ir varicosities were identified by an electron dense,
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membrane-bounded DAB-osmium-reaction product containing small vesicles in 2 or more consecutive
sections. Because monoamines have numerous release sites along a single fiber (Descarries &
Mechawar, 2000; Perelmuter & Forlano, 2017), varicosities that were connected by a TH-ir process with
no vesicles in 2 or more consecutives images were counted as discrete objects. The number and
estimated volume of hair cells and TH-ir varicosities was determined. The volume of objects was
calculated as the traced area within a section times the thickness of each section (60 nm) with the
difference in area between the areas of two consecutive sections times the thickness divided by 2
(Cardona et al., 2012). The minimal distance between the center point of each TH-ir varicosity and all hair
cells in each image stack was measured. Direct contacts between TH-ir varicosities and hair cell
membrane was also recorded. In the OE, the number of TH-ir varicosities was recorded. Each varicosity
was classified as directly contacting OE somata or dendrities (“direct”), contacting an unlabeled profile
that was unidentifiable (“indirect.u”), or contacting an unlabeled axon terminal on OE somata (i.e. an axoaxonic terminal, “indirect.aa”). Synapses were defined according to Peters et al. (1991) as close
apposition of two membranes with both synaptic vesicles on one side and an even thickening of the two
membranes (symmetric) or an uneven thickening on the side without vesicles (asymmetric).

Statistics
Statistical analyses were conducted with either R (3.5.1) or GraphPad Prism (7.0a). All data sets
were tested for assumptions of normality with Shapiro Wilk tests. Unpaired t-tests were used to compare
the difference of means between groups and Pearson’s r was used for correlations, or Mann-Whitney
tests and Spearman’s r for data that did not meet assumptions for parametric tests. The probability of
occurrence of dopamine contacts on hair cells was analyzed with a mixed effects logistic regression. For
all tests, a p-value of < .05 was considered significant. Plots were generated in GraphPad Prism (7.0a).

RESULTS
Summer and winter females did not statistically differ in their standard length or body mass.
Summer females had significantly higher gonad weight and GSI than winter females (Table 5.1),
confirming their reproductive status (Forlano, Sisneros, et al., 2015). Although TH-ir is a general marker
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for catecholaminergic neurons, fibers and terminals, because the saccule and the OE receive
dopaminergic but not noradrenergic innervation (Forlano et al., 2014; Perelmuter & Forlano, 2017), in the
results and discussion we refer to TH-ir , vesicle containing profiles as dopamine terminals.
Table 5.1. Summary statistics for morphometric data.
Parameter

Summer

Winter

t-test

Standard length (cm)

14.48 ± 1.25

13.6 ± 2.46

t(10) = 0.783, p = .452

Body mass (g)

40.36 ± 10.66

39.12 ± 26.21

t(10) = 0.107, p = .917

Gonad weight (g)

8.45 ± 2.54

1.34 ± 1.83

t(10) = 5.571, p < .001

GSI (%)

28.25 ± 10.27

2.35 ± 2.25

t(10) = 6.034, p < .001

Data are presented as mean ± standard deviation.

Seasonal, reproductive state related differences in the saccule
The variation in number of serial sections collected per saccule per animal (9-23) was a result of
differences in the curvature of the epithelial tissue and the need to include the full area of the saccular
region containing synapses. There were no statistical differences in the estimated volume of image stacks
between groups. Additionally, there were no significant differences in hair cell number or hair cell volume
between winter and summer fish (Table 5.2). As an additional precaution, we analyzed the relationship of
image stack volume and dopamine terminal parameters. There was no statistical relationship between
stack volume and number of dopamine terminals (rs = .082, p = .557). Winter fish had significantly more
terminals per image stack than summer fish (U = 0, p = .0049) (Figure 5.1). There was a significant
relationship between image stack volume and volume of dopamine terminals (rs = .379, p = .0052). This
implies that the larger the volume of the stack, the more likely we are to detect and measure larger
dopamine terminals. We therefore corrected our dopamine terminal volume measurements by dividing by
the image stack volume. Winter fish had significantly larger terminals than summer females (t(10) =
1.898, p = .0435) (Figure 5.2).
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Figure 5.1. Winter (non-reproductive) females have more dopamine terminals in the saccule than
summer (reproductive) females. Representative low magnification transmission electron micrographs
from summer (A) and winter (C) fish. Hair cells are pseudo-colored magenta. White asterisks indicate
synaptic densities associated with afferent synapses. White arrowheads indicate unlabeled efferent
terminals. Black arrowheads indicate dopamine terminals, which are pseudo-colored green. High
magnification micrographs show serial sections through dopamine terminals (B-F). Labeling for TH
appears as a dense, black reaction product filling the profile, but leaving mitochondria and vesicles clear.
(B) corresponds to (A). (D-F) correspond to (C). Note numerous synaptic vesicles visible in at least 2 or
more consecutive images for each terminal. There is no relationship between the number of terminals
and the volume of analyzed image stacks (G). Winter fish have more dopamine terminals than summer
fish (n = 6 per group, p = .0049). Scale bars = 1 µm (A, C); 0.5 µm (B, D, F); 0.25 µm (E).
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Table 5.2. Summary statistics for image volumes and hair cells.
Parameter

Summer

Winter

t-test

Image Stack Volume (µm )

185.11 ± 53.48

195.97 ± 62.55

t(10) = 0.323, p = .753

Hair Cell Number (avg*)

2.5, 2.5-2.65

2.9, 2.5-3.2

U = 9, p = .188

Hair Cell Number (total**)

13, 12.5-13.25

14.5, 12.5-16

U = 9, p = .188

23.13 ± 6.89

21.03 ± 6

t(10) =0.586, p = .586

3

3

Hair Cell Volume (µm )

Data are presented as mean ± standard deviation or median and interquartile range.
* Average number of hair cells per image stack.
** Total number of hair cells per animal.
Although there was no significant difference in the average minimal distance between the center
of dopamine terminals and hair cell surfaces (t(10) = 0.392, p = .703), we did observe a significantly
larger number of direct dopamine terminal contacts on hair cells in winter fish (U = 5, p = .03) (Figure 5.3).
In winter fish 12.8% of dopamine terminals were directly contacting hair cells while in summer fish, 4.7%
were contacting hair cells. Overall, winter fish were more likely to have these direct contacts (z = 2.453, p
= .014). A majority (60.4%) of dopamine terminals directly contacting hair cells also made contact with
either an afferent or unlabeled efferent process synapsing onto the same hair cell, although there was no
difference in the relative frequency of this occurrence between the seasons. A majority of contacts did not
appear to form a classic synapse, however two dopamine terminals (0.88% of all contacts) from the same
winter animal showed a characteristic similar to cholinergic efferent terminals on hair cells: the presence
of a thin, clear envelope on the hair cell side of the contact, referred to as a subsynaptic cistern (Figure
5.3C).
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Figure 5.2. Winter (non-reproductive) females have larger dopamine terminals in the saccule than
summer (reproductive) females.
Serial micrographs showing representative dopamine terminals from summer (A, B) and winter (C, D)
saccules. There is a significant positive relationship (rs = .379, p = .0052) between the volume of terminals
and the volume of image stacks (E). Correcting for stack volume, winter fish have significantly larger
dopamine terminals than summer females (n = 6 per group, p = 0435) (F). Scale bar = 0.5 µm.
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Figure 5.3. Winter (non-reproductive) females have more direct dopamine contacts onto hair cells
than summer (reproductive) females.
There is no seasonal difference in the average distance between dopamine terminals and hair cells (A).
Winter fish have more direct contacts onto hair cells (n = 6, p = .03) (B). Example of a large dopamine
terminal contacting both a hair cell and 2 unlabeled efferent terminals (black arrowheads) on the same
hair cell (C). Note synapse-like structures for both the dopaminergic and unlabeled terminal (white
arrowheads). Series of images showing dopamine terminal contacting an afferent profile (white
arrowheads) which in turn forms a synapse on a hair cell, indicated by the synaptic density (white
asterisk) (D). The dopamine terminal also makes contact with the hair cell and is near an unlabeled
efferent synapse (black arrowhead). Both (C) and (D) are from winter fish. Counts of number of direct
hair cell contacts (black bars, Hair Cell) from individual summer (E) and winter (F) fish. The number of
these terminals that also contact either an afferent or unlabeled efferent profile is plotted.

80

Seasonal, reproductive state related differences in the octavolateralis efferent nucleus (OE)
Data was collected from 4 winter fish and 2 summer fish. The number of serial sections per image
set (5-10) did not differ between groups (U = 3.5, p = .933). Although not statistically significant, summer
fish had more dopamine terminals in both the somata of the OE (U = 0, p = .133) and the proximal
dendritic field (U = 0, p = .133) compared to winter fish. This trend for more terminals in the summer was
strongest when comparing the number of direct contact contacts onto OE somata (U = 0, p = .067) and
dendrites (U = 0, p = .067) (Figure 5.4). We only observed 1 instance, in a summer female, of a
dopamine terminal contacting an unlabeled terminal synapsing on an OE neuron (indirect, axo-axonic).
All other indirect terminals were on unidentifiable profiles in neuropil surrounding OE somata or dendrites.

Figure 5.4. Summer (reproductive) females have more dopamine terminals in the octavolateralis
efferent nucleus (OE) than winter (non-reproductive) females.
Low magnification micrograph showing an OE neuron (OEs) from a winter fish (A). High magnification
micrographs of dopamine terminals from (A) showing a direct contact (black arrowhead) onto the
neuronal membrane (B) and a dopamine terminal (white arrowhead) in the surrounding neuropil (C).
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Representative micrograph from a summer fish showing dopamine terminals in the OE dendritic field (D).
White arrows indicate direct dopamine terminal contacts onto OE dendrites (OEd) and white arrowheads
indicate terminals contacting unidentified structures in proximity. Summer fish (n = 2) appear to have
more dopamine terminals both directly contacting OE somata and dendrites, as well as in the surrounding
neuropil as compared to winter fish (n = 4) (E, F). Scale bars = 2 µm (A); 0.5 µm (B, C); 1 µm (D).

DISCUSSION
The goal of this study was to determine if the well documented seasonal changes in peripheral
auditory sensitivity in the midshipman fish (Forlano et al., 2016) are accompanied by ultrastructural
changes to dopaminergic innervation of the saccule and octavolateralis efferent nucleus (OE). We show
that in the saccule of summer females in reproductive condition there are fewer dopamine terminals,
terminal volume is smaller and the incidence of direct contacts with hair cells is lower, as compared to
winter, non-reproductive females. In the OE, although our current sample size is low, we see a pattern of
greater innervation in the summer, with more dopamine terminals contacting or near OE somata and
dendrites. These findings confirm our earlier light microscopy study showing that dopamine innervation,
as measured by TH-ir puncta and fibers, is lower in the saccule and higher in the OE of summer,
reproductive females (Forlano, Ghahramani, et al., 2015). This supports the idea that dopamine is an
important regulator of seasonal peripheral auditory plasticity in midshipman fish (Forlano & Sisneros,
2016; Perelmuter et al., 2019).
Other mechanisms underlying this plasticity include a seasonal increase in calcium-gated large
conductance potassium (BK) channels expressed in hair cells (Rohmann et al., 2013) as well as
extensive transcriptional changes in the saccule (Fergus et al., 2015). Reproductive females also have
numerous morphological differences, including increased density of hair cells and shorter hair cell
stereocilia (Coffin et al., 2012). We did not find a difference in the number of hair cells in our study. This
discrepancy with Coffin et al. (2012) is likely due to the fact that our sampling volume was designed to
3

detect differences in dopamine terminals. The sampled volume (190.54 ± 55.77 µm ), or reference space,
3

is large enough to encapsulate the full volume of the average dopamine terminal (0.153 ± 0.067 µm ), but
too small to capture the full extent of hair cells. The accuracy of object counting is impeded if the
sampling volume is smaller than the object to be counted (Mouton, 2011).
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Summer females have fewer dopamine terminals and these dopamine terminals have smaller
volumes in the saccule. As we observed the same seasonal difference in number and size using
fluorescent confocal microscopy (Forlano, Ghahramani, et al., 2015), this validates our approach to
quantifying dopaminergic putative puncta at the light level. The size of terminals, as measured with
electron microscopy, is positively correlated with release of neurotransmitter (Holderith et al., 2012; Pierce
& Lewin, 1994), suggesting less dopamine is released in the ears of summer females. We did not
observe a seasonal difference in the distance of dopamine terminals from hair cells. This distance was
measured from the hair cell membrane to the centroid of dopamine terminals, but a more functionally
relevant distance might be to the dopamine terminal membrane. We therefore are likely overestimating
the functional distance from terminals that are larger. Measuring the distance from hair cell membrane to
dopamine terminal membrane may reveal that terminals are closer in winter animals, where the average
terminal volume is bigger.
In our previous descriptive study of the ultrastructure of dopamine in the inner ear, we did not see
any direct contacts of dopamine terminals onto hair cells (Perelmuter & Forlano, 2017). Although we did
not quantitatively examine seasonal differences, it is still interesting that we did not observe direct
contacts then. In that study we examined 45 randomly selected TH-ir vesicle-containing profiles from 3
different animals (15 each) and followed them over 9-20 serial sections (similar range as the present
study). However, 2 of these animals were males held in captivity during the winter and 1 was a female
caught in the summer. Considering the rarity of contacts observed in summer females in our present
results (4.7% of summer dopamine terminals in the saccule contact hair cells, and these were found in
only 2 out of 6 fish), it is conceivable we missed these contacts in the summer female examined
previously. A higher percentage of terminals contact hair cells in winter females (12.8%). It is possible
these were also missed in the winter males from our previous study or there could be sex differences in
either general or seasonal dopaminergic innervation of the saccule. However, at least qualitatively, males
have the same dopaminergic connectivity in the saccule and OE (Forlano et al., 2014; Perelmuter &
Forlano, 2017) and they also exhibit the same seasonal changes in saccular sensitivity as females
(Bhandiwad et al., 2017; Rohmann et al., 2013). It is possible that direct dopamine contacts are restricted
to certain types of hair cells. For example, Coffin et al. (2012) also found that summer females have a
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higher density of small saccular hair bundles, which could be either a special class of functional hair cells
or immature, newly developed hair cells. In our image sets, we did not observe any obvious differences in
if hair cells receiving direct dopamine contacts were morphologically distinct. However, reexamining these
hair cells at lower magnification, so that their apical regions and hair bundles can be compared with other
hair cells, may reveal differences. In accordance with our previous descriptive study (Perelmuter &
Forlano, 2017), the vast majority of dopamine terminals (99.12%) did not show any morphological
structures indicative of traditional synapses, even those directly contacting hair cells, afferents or efferent
profiles. We did observe two examples in one winter animal of a dopamine terminal contacting a hair cell
that appeared to have an opposing subsynaptic cistern on the hair cell side of the synapse; a
characteristic of cholinergic efferent synapses (Hama, 1969; Khan et al., 1991; Sokolowski & Popper,
1988). It is difficult to interpret this observation from just a single subject, which did not differ from other
winter females in body size or GSI. If dopamine terminals do form these synapse-like contacts on hair
cells in other winter or summer females, they must be exceedingly rare, and their functional significance is
likely to be small.
It is well established that dopamine signaling involves a mix of synaptic and non-synaptic,
paracrine-like volume transmission (Sulzer, 2005). For dopamine in the inner ear of midshipman, volume
transmission appears to be the predominant mode of release. Important factors influencing volume
transmission include the location of receptors and the path through the extracellular space a transmitter
must diffuse to reach those receptors (Agnati, Guidolin, Guescini, Genedani, & Fuxe, 2010). A large
proportion of direct dopamine contacts onto hair cells also contacted either an afferent or efferent profile
synapsing onto the hair cell. This suggests that in addition to hair cells, which we have been shown to
express dopamine receptors (Drescher et al., 2010; Perelmuter et al., 2019; Toro et al., 2015), afferent
and cholinergic efferent processes may also express dopamine receptors near hair cell synapses and
that dopamine release could functionally alter peripheral auditory processing in complex ways. Since the
extracellular space can influence the dynamics of volumetric dopamine modulation (Cragg, Nicholson,
Kume-Kick, Tao, & Rice, 2001), it may be worthwhile evaluating this parameter for seasonal variation.
The extracellular space in mammals changes over day/night cycles, largely due to glia (Charles Nicholson
& Hrabětová, 2017), but no studies to our knowledge have investigated season changes.
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Altogether these seasonal, reproductive-state related differences in terminal size and number
suggest less dopamine is released in the inner ear of breeding females and that when it is released, it
may have to travel further to reach and affect a hair cell, afferent or cholinergic efferent synapses.
Dopamine reduces the sensitivity of hair cells in both summer and winter fish (Perelmuter et al., 2019).
Therefore, the summer reduction of dopamine innervation likely results in enhanced inner ear sensitivity,
improving the ability of female fish to find and evaluate potential male mates.
The larger number of direct and indirect dopamine terminals we observed surrounding both
somata and dendrites in the OE of summer females corroborates our previous light microscopy results
(Forlano, Ghahramani, et al., 2015). We attribute the lack of a statistical difference in the present work to
low sample size (n = 2 in summer, n = 4 in winter), however if the variability and central tendency of
groups in our present sample are indicative of the population parameters, increasing the sample size by 2
animals in the summer group would provide enough statistical power to detect a difference in direct and
total dopamine terminal number. The analysis of additional subjects may also allow the detection and
evaluation of seasonal differences in types of indirect dopamine terminals. The volume of dopamine
terminals in the OE should also be measured. We predict a similar pattern to the counts; summer females
will have larger terminals. Since the cholinergic projections from the OE to the saccule are reported to
inhibit hair cell sensitivity in fish (Furukawa, 1981), one possibility is that dopamine has an inhibitory
influence on OE neuronal activity. Enhanced dopaminergic tone in the OE in reproductive, summer
females would translate into a reduction of cholinergic inhibition in the saccule, improving peripheral
auditory sensitivity, and improving mate detection. Alternatively, dopamine could excite OE neurons, and
the summer increase of dopamine would allow greater excitatory control by the TPp of OE function. The
confirmation of this hypothesis will require pharmacological or anatomical determination of dopamine
receptor subtypes in OE neurons.
Our observed reproductive state-related differences in innervation suggest that the dopaminergic
neurons projecting to the OE and saccule undergo seasonal changes in size. Changes in the size of
neuromodulatory, peptide and hormone secreting neurons related to reproductive state are well
documented across vertebrates. For example, gonadotropin-releasing hormone neurons are larger in
reproductive vs. non-reproductive female cichlid fish and sheep (Lehman, Robinson, Karsch, &
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Silverman, 1986; White & Fernald, 1993). Cells of the periventricular posterior tuberculum (TPp) in the
forebrain are the source of dopamine in the saccule and the OE (Forlano et al., 2014; Perelmuter &
Forlano, 2017), and the total area of TH-ir neurons and proximal fibers is greater in summer reproductive
females (Forlano, Ghahramani, et al., 2015). This could account for the concomitant greater number of
dopamine terminals in the OE of summer females. The summer reduction of dopamine terminals in the
saccule suggests that a discrete population of dopaminergic TPp neurons projects to the saccule, but not
to the OE. In tract-tracing experiments 5-10% of dopamine TPp neurons are labeled from the saccule
(Forlano et al., 2014) and 2-7% of are labeled from the OE (Perelmuter & Forlano, 2017), although it is
not known if there is any overlap in these populations of backfilled cells. If the same neurons project to
both areas, this suggests that the summer reduction of dopaminergic innervation in the inner ear is under
a distinctly local regulatory mechanism. Hormones are the primary candidates for regulating the
reproductive-state related changes we report here. Sex steroids, including testosterone and estradiol, are
well established mediators of seasonal and reproductive-state dependent structural plasticity in
mammals, birds and fishes (Ball et al., 2002; Cooke & Woolley, 2005; Forlano, Sisneros, et al., 2015;
McEwen et al., 1991; Tramontin & Brenowitz, 2000). Androgen and estrogen receptors, as well as
aromatase, have been localized to the midshipman inner ear and the diencephalic forebrain region
containing dopaminergic TPp neurons (Fergus & Bass, 2013; Forlano, Deitcher, & Bass, 2005; Forlano,
Marchaterre, Deitcher, & Bass, 2010). Crucially, steroid hormones also regulate midshipman auditory
plasticity (Sisneros, Forlano, Deitcher, et al., 2004), suggesting that they may accomplish this, at least in
part, via changes to dopaminergic ultrastructure in the saccule and OE. Hormone-mediated dopaminergic
control of peripheral auditory plasticity may be a conserved mechanism in other seasonally breeding
vertebrates.
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Chapter 6: Conclusion
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The motivation for this thesis was to determine the contributing role of dopamine to the adaptive
reproductive state-dependent summer enhancement of auditory sensitivity in the inner ear of midshipman
fish. The experiments completed as part of this thesis build upon previous work that found a direct
connection between dopaminergic cells in the forebrain and the inner ear, as well as a seasonal change
in this innervation, suggesting a functional relationship between peripheral auditory plasticity and
dopamine (Forlano, Ghahramani, et al., 2015; Forlano et al., 2014). The anatomical findings from chapter
2 confirm that the dopaminergic nucleus in the forebrain, the periventricular posterior tuberculum (TPp),
already known to project to the inner ear, also sends projections to the octavolateralis efferent nucleus
(OE) in the hindbrain. Dopamine puncta are ubiquitously distributed throughout the saccule, the main
endorgan of hearing in midshipman fish and, owing to the lack of synapses between terminals and other
structures in the saccule, release of dopamine is likely to be paracrine. Direct synapses are formed by
dopamine terminals onto OE neurons and dendrites, but also onto unlabeled, inhibitory-like terminals on
OE somata. Chapter 3 provides the most direct evidence yet linking dopamine to peripheral auditory
plasticity in midshipman. Exogenously applied dopamine reduces sound evoked receptor potentials in the
saccule. A D2-receptor agonist is similarly inhibitory, but a D1-receptor agonist has no effect, and a D2antagonist blocks the inhibitory action of dopamine. Although 7 different dopamine receptor subtypes
appear to be expressed in the saccule, only the D2a receptor is differentially expressed, showing
substantially reduced expression in summer, reproductive females. Importantly, D2a receptor expression
is negatively correlated with baseline auditory thresholds in both winter and summer females. In chapter
4, it is shown that the phosphorylation of tyrosine hydroxylase, and therefore the synthesis and release of
dopamine, appears to be reduced in both the saccule and OE of summer females in response to
playbacks of male calls relative to ambient and noise controls. Chapter 5 confirms with electron
microscopy that summer reproductive females have fewer and smaller dopamine terminals in the saccule
than winter non-reproductive females. In addition, while rare, the presence of direct contacts between
dopamine terminals and hair cells was confirmed, with summer females again exhibiting fewer than winter
females. Finally, there is a trend for more direct dopamine contacts onto OE somata and dendrites in
summer females. Altogether, these findings show that in the summer reproductive season, the
dopaminergic system exerts less inhibition in the saccule, contributing to the enhancement of acoustic
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sensitivity. It might seem counterintuitive that saccular sensitivity would be suppressed throughout the
winter by tonic dopaminergic inhibition. However, the summer improvement in auditory processing in the
saccule is greatest at higher frequencies. Sensitivity to lower frequencies (≤ 100 Hz) is not as affected
and remains robust in the winter (Rohmann & Bass, 2011; Rohmann et al., 2013; Sisneros, Forlano,
Deitcher, et al., 2004). Indeed, exogenous dopamine did not produce a change in threshold below 165 Hz
in winter females. This low frequency range is likely to contain more biologically relevant information for
winter fish, as they inhabit deeper water where lower frequencies propagate more readily than higher
frequencies (A. H. Bass & Clark, 2003). Therefore, dopamine may indeed help tune an animal’s acoustic
sensory system to changing environmental soundscapes. This is a novel function for dopamine in the
inner ear, as previous studies are restricted to rodents and largely focus on dopamine conferring
protection from acoustic trauma.
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Figure 6.1. Summary of seasonal difference in dopamine in the saccule and OE.
Schematic illustrating seasonal changes in size, number and position of dopamine terminals (DA,
magenta) associated with hair cells (HC), OE somata (OEs) and OE dendrites (OEd). The inferred
location of D2a receptors (DR2a) is shown. Ach = acetylcholine.
Future directions
What effect does dopamine modulation of the OE have on the saccule? Release of acetylcholine
from OE neurons inhibits saccular hair cells (Furukawa, 1981; Steinacker & Rojas, 1988) and is proposed
to reduce stimulation of the inner ear from self-generated movements and vocalizations (Chagnaud &
Bass, 2013; Russell & Roberts, 1974; Weeg et al., 2005). One intriguing study in sleeper gobies found
that cholinergic efferent stimulation improved signal-to-noise ratios in the saccule under noisy, but not
quiet conditions (Tomchik & Lu, 2006b). The denser dopamine fiber innervation at the light level (Forlano,
Ghahramani, et al., 2015) and the greater number of dopamine terminals observed with electron
microscopy in the OE of summer females implies stronger regulation over the aforementioned OE
functions during the breeding season. Exposure to the male call appears to reduce synthesis and release
of dopamine in the OE. We hypothesize that dopamine produces an excitatory effect on OE neurons, and
that reduced dopamine release in response to hearing male calls reduces cholinergic inhibition in the
saccule, improving sensitivity. However, an alternative interpretation is that, like in the saccule, dopamine
inhibits the OE. In this case, less pTH suggests a lowering of dopaminergic inhibition of the OE, and the
potential for an increase of cholinergic inhibition in the saccule. Depending on the circumstances, this
could improve signal detection against a background of noise. The most direct way to test this hypothesis
would be to simultaneously record from the saccule and OE neurons during sound exposure, coupled
with pharmacological stimulation of dopamine receptors in the OE. The determination of which dopamine
receptor subtypes are expressed in OE neurons would also provide some clarity.
The D2a receptor is likely to expressed specifically in hair cells, since a D2 agonist reduces
sound-evoked receptor potentials in the saccule and D2a expression levels correlate with individual
saccular thresholds both within and across seasonal groups. However, qPCR revealed expression of 6
other dopamine receptors. In situ hybridization or immunohistochemistry should be used to localize these
receptors within the saccule. Given the observed dopamine terminal contacts onto efferent and afferent
profiles in the saccule, it seems likely that afferent and cholinergic efferent synapses will express
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dopamine receptors. Receptor expression in support cells is another possibility. As discussed in chapter
2, support cells regulate the balance of ions surrounding hair cells. Modulation of their activity by
dopamine could influence sensitivity and frequency response properties of the hair cells they buttress. To
complicate matters even more, it is possible that both cholinergic OE neurons and dopaminergic TPp
neurons release co-transmitters. OE neurons in the related oyster toadfish are immuno-positive for GABA
(Peggy L Edds-Walton, Holstein, & Fay, 2010) and cholinergic auditory efferent hindbrain neurons in
numerous vertebrates, including fishes, also may co-release calcitonin gene-related peptide (B. Roberts,
Maslam, Los, & Van der Jagt, 1994). Mammalian dopamine neurons co-release GABA or glutamate
(Roeper, 2013). Intriguingly, TPp neurons in juvenile zebrafish express vglut2, a marker for neurons that
release glutamate (Filippi et al., 2014). A complete understanding of how TPp interacts with the OE and
saccule to shape peripheral auditory sensitivity may require determining if these potential co-transmitters
are involved.
Although the saccule is considered the main endorgan for audition in the midshipman (Cohen &
Winn, 1967), other mechanosensory endorgans, such as the utricle, lagena and lateral line neuromasts,
have the capability to encode acoustic information (Braun, Coombs, & Fay, 2002; Maruska & Mensinger,
2015; A. N. Popper & Fay, 1993; Sisneros, Marchaterre, & Bass, 2002; Vetter et al., 2019). In
midshipman, the lateral line is responsive to frequencies within the range of male vocalizations (Weeg &
Bass, 2002), and while it is not necessary for sound source localization, it may help fine tune an animal’s
orientation as it approaches a sound source (Coffin et al., 2014). Consistent with studies in larval
zebrafish (Bricaud, Chaar, Dambly-Chaudière, & Ghysen, 2001; Haehnel-Taguchi et al., 2018; Toro et al.,
2015), TH-ir fibers are found in both anterior and posterior lateral line nerves (Forlano et al., 2014),
suggesting that dopaminergic TPp neurons also innervate lateral line neuromasts in adult midshipman.
The lagena and utricle of midshipman have TH-ir fibers, likely originating from the dopaminergic TPp
(unpublished observation). Although they did not examine all dopamine receptors subtypes reported in
zebrafish (Yamamoto et al., 2015), a previous study showed that combined homogenates of saccular and
utricular epithelia of adult zebrafish contain D1 and D2 receptor subtypes (6 total), while larval lateral line
neuromasts express only the D1Ab receptor (Toro et al., 2015). This might reflect ontological differences,
with lateral line hair cells expressing additional receptor subtypes in adulthood, or functional specialization
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of receptor subtypes across mechanosensory sub-systems. Efferent dopamine neurons could exert
opposing actions on lateral line, lagena, utricle and saccule hair cells via different receptors, biasing
processing of one system over another depending on context, such as distance from a sound source.
In a review on the evolution of auditory efferent systems, Köppl (2011) suggested the following:
“The complexity of the mammalian efferent system in particular can be overwhelming in the face of
virtually total ignorance as to when the different parts are normally active. It might be more instructive to
examine a simpler system.” In light of the aforementioned remaining questions, it may not be apt to
describe the midshipman auditory efferent system as simple, but an attractive advantage is the capability
to manipulate the efferent system in an animal with a readily testable and naturalistic behavioral readout.
Female midshipman in reproductive condition have an innate phonotaxis response to the male call which
can be elicited by synthesized playbacks of the call’s fundamental frequency (McKibben & Bass, 1998).
The targeted pharmacological manipulation of dopamine within the inner ear and OE during phonotaxis
experiments would provide a crucial validation for the present thesis.
Comparison with other vertebrates
Unfortunately, there is a lack of evidence for the presence or absence of dopaminergic
innervation in the inner ear of most vertebrates (Köppl, 2011). Dopamine fibers have only been confirmed
in the saccule of zebrafish and midshipman (Forlano et al., 2014; Toro et al., 2015), but tract-tracing
studies suggest they may also be present in goldfish and catfish. We have personally detected TH-ir
fibers in the saccule of oyster toadfish and an African cichlid (unpublished observation). If dopamine is
present in the ears of Cypriniformes, Siluriformes, Batrachoidiformes and Cichliformes, then it could be a
common trait in teleosts. A phylogenetic comparison should include representative species from basal
Actinopterygii, Chondrichthyes, Cyclostomata and non-tetrapod Sarcopterygii. There is to our knowledge
no anatomical information on inner ear dopamine in anurans, reptiles or birds. The lone functional study,
in frogs, shows an effect of dopamine and receptor agonists on the purely vestibular semicircular canal
but provides no corroborating anatomical data (Andrianov et al., 2009). We hope the work in this thesis
will inspire research into a possible role for dopaminergic regulation of peripheral auditory function and
plasticity in other seasonally breeding, vocally courting species such as songbirds and frogs.
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There are numerous anatomical and functional studies of cochlear dopamine in rodents (d’Aldin
et al., 1995; Darrow, Simons, et al., 2006; Eybalin et al., 1993; P. E. Gil-Loyzaga, 1995; X. Niu & Canlon,
2006; Xianzhi Niu & Canlon, 2002; Ruel et al., 2001; Sun & Salvi, 2001; Valdés-Baizabal et al., 2015).
Specific consideration of this literature in relation to the findings in this thesis are discussed within each
chapter and so will not be belabored here, except to note that the presence of dopamine in auditory
endorgans of fishes (saccule) and mammals (cochlea) is most likely an example of structural evolutionary
convergence. Although suggested by Ryugo (2011), it seems unlikely that teleostean TPp neurons in the
diencephalon are the ancestors to the hindbrain dopaminergic neurons projecting to the cochlea in
mammals. However, given the evidence that TPp neurons are most likely homologous to the mammalian
A11 dopamine cell group (Ryu et al., 2007; Yamamoto & Vernier, 2011), it is tempting to speculate that
A11 might have some sparse projections to the cochlea, or vestibular inner ear endorgans, that have
been missed in previous experiments. Very little is known about A11 compared to the much better studied
A9 (substantia nigra) and A10 (ventral tegmental area) dopamine cell groups. Intriguingly, very recent
work in mice shows that A11 does have projections to the auditory midbrain and hindbrain, where it is
proposed to modulate neural responses to social-acoustic communication signals (Gittelman, Perkel, &
Portfors, 2013; Nevue, Elde, et al., 2016; Nevue, Felix, et al., 2016). As we have stressed in every
chapter, all studies of dopaminergic function in the cochlea to-date focus on a “protection from acoustic
injury” hypothesis. The possibility of functional convergence of inner ear dopamine between fish and
mammals is an open, and in our opinion, very interesting question.
Implications for humans
The findings of this thesis may have some bearing on human health and disease. If dopamine in
the cochlea of mammals has some functional specificity for the modulation of social-acoustic cues, it is
worth considering how this might relate to disorders of auditory processing, attention and cue orientation
where central nervous system dopamine has been implicated in the etiology. This would include attention
deficit hyperactive disorder (ADHD) and autism spectrum disorder (Hamilton et al., 2013; Rommelse,
Franke, Geurts, Hartman, & Buitelaar, 2010; Swanson et al., 2000). Studies in zebrafish have shown that
mutated genes associated with ADHD in humans produces ADHD-like behaviors in zebrafish along with

93

concurrent abnormalities in dopamine metabolism and neuron development (Huang et al., 2015; Lange et
al., 2012). It would be interesting to examine the anatomy and function of dopamine in the saccules of
these zebrafish mutants. If there are abnormalities and ameliorating them can improve measures of
behavior in the zebrafish mutants, that would suggest inner ear dopamine plays a role in the auditory
symptoms of ADHD in humans.
Concluding Statement
The goal of this thesis was to characterize dopaminergic projections to the inner ear and
hindbrain auditory efferent system in a fish that relies upon social-acoustic communication for
reproduction. We found compelling support for a causal link between structural plasticity and function of
this dopaminergic circuit and adaptive changes in auditory processing that occur at the earliest stages of
signal transduction. Our results extend a role for dopamine as a modulator of social-acoustic signals from
the central nervous system out to the periphery. We hope this work inspires others to 1) take a
neuroethological approach to understanding the nervous system and 2) not take the peripheral nervous
system for granted.
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